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ABSTRACT

A Novel Role for Non-Heme Iron in Myoglobin Oxidation: An Examination
of the Antioxidant Effects of Iron Chelating Compounds in
Meat and Myoglobin Model Systems

by

Karin E. Allen, Doctor of Philosophy
Utah State University, 2009

Major Professor: Dr. Daren P. Cornforth
Department: Nutrition and Food Sciences

Myoglobin (Mb) oxidation, and the subsequent browning, is the primary basis for
consumer rejection of fresh retail beef. Considerable effort has been directed by the
industry towards the development of techniques that can enhance color stability.
However, the underlying mechanism of Mb oxidation has been studied extensively, but
is still not entirely understood. Current models focus on the role of lipid oxidation byproducts, pH, and anionic ligands as promoters of Mb oxidation. It is known that
chelation of iron and copper delays Mb oxidation and browning, but a clear role for these
metals has not been established in any current Mb oxidation mechanism, other than
indirectly as promoters of oxygen radical formation and lipid oxidation.
The objective of the current study was to examine the possibility that iron plays a
more direct role in Mb oxidation, and that metal chelators such as milk mineral (MM)
and sodium tripolyphosphate can inhibit this action. In Study 1 (Chapter 3), MM, a
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colloidal calcium phosphate of large molecular weight and undetermined structure,
was demonstrated to be a high-affinity iron chelator. This supports previous works
studying the antioxidant effect of MM in raw and cooked meats. In Study 2 (Chapter 4),
non-heme iron was found to stimulate Mb oxidation even in the absence of lipid,
showing for the first time that the role of ferrous (Fe2+) iron was not limited to
promoting lipid oxidation, but instead has a yet-to-be determined role as a pro-oxidant
factor in Mb oxidation. In Study 3 (Chapter 5), iron was found to promote Mb oxidation
under standard atmospheric conditions, while in high oxygen systems this effect was not
seen. Previous observations in meats found high oxygen atmospheres have a protective
effect. Addition of catalase did not affect Mb oxidation. However, in iron-containing
systems, catalase significantly slowed Mb oxidation, while MM addition completely
reversed the stimulatory effect of added iron. In Study 4 (Chapter 6), Type I radicalquenching antioxidants were found to rapidly reduce ferric iron to the ferrous form. This
strong reducing ability accounted for the pro-oxidant effects of rosmarinic acid and
eugenol shown for the first time in a lipid-free Mb model system. Finally, the effect of
Type I antioxidants was compared to Type II antioxidants in raw ground beef. It was
found that Type I antioxidants were highly effective at preventing Mb oxidation in the
presence of lipid. Of the Type II chelators examined, only MM was able to delay Mb
oxidation as well as the Type I antioxidants, possibly because it is not as susceptible to
enzymatic hydrolysis.
(159 pages)
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CHAPTER 1
INTRODUCTION AND OBJECTIVES

Many consumers equate freshness of raw meats with color, and often base their
purchase decisions on this characteristic (Issanchou 1996). Indeed, studies suggest the
presence of brown colors in raw meats result in reduced sales (Hood 1994), with industry
estimates on the subsequent financial losses ranging from $700 million to $1 billion
(Hoffman-La Roche Inc. 1993, Liu and others 1995). The preservation of red color in
raw beef products could reduce these losses.
High-oxygen modified atmosphere packaging (MAP) has been shown to delay the
onset of browning in fresh beef products (Jakobsen and Bertelsen 2000, Ho and others
2003). However, while red color may be preserved, the high oxygen atmosphere appears
to increase lipid oxidation, leading to the development of rancid flavors and odors
(Jayasingh and others 2002).
Much attention has therefore been focused on antioxidants, which can be added to
decrease the level of lipid oxidation. The results of a study examining the use of milk
mineral (MM) as the antioxidant source (Vissa and Cornforth 2006) in MAP ground beef
has raised an interesting question: Why does MM preserve redness in raw beef longer
than in control MAP systems, even when considerable levels of lipid oxidation are
present? While it has been suggested that MM is a Type II (iron-chelating) antioxidant
(Cornforth and West 2002), to adequately answer this question, additional information on
the mode of action of MM is needed.
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Hypothesis
The oxidation of myoglobin to metmyoglobin is dependent on the presence of
non-heme iron. This process occurs independently of lipid oxidation, but is dependent on
the partial pressure of oxygen. The presence of iron-chelating antioxidants (Type II) will
therefore inhibit myoglobin oxidation.

Objectives
1. To examine the ability of milk mineral to function as a Type II antioxidant.
2. To elucidate the potential mechanism by which myoglobin is oxidized by iron,
using myoglobin model systems designed to provide information on the
following:
a) Presence or absence of lipid
b) Varying iron concentration
c) Possible direct participation by hydrogen peroxide
d) Partial pressure of oxygen
3. To examine the effectiveness of Type II antioxidants (sodium tripolyphosphate,
phytate, MM), as compared to a Type I antioxidant (rosemarinic acid), in
preventing myoglobin oxidation in a myoglobin model system.
4. To examine the effectiveness of Type II antioxidants (sodium tripolyphosphate,
phytate, MM), as compared to a Type I antioxidant (rosemarinic acid), in
preventing myoglobin oxidation in modified atmosphere packaged raw ground
beef.
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Rationale
The results of myoglobin model systems studies will provide an opportunity to
better understand myoglobin oxidation, and identify the general type of antioxidants best
able to minimize the problem. Model system studies lend themselves to tighter control of
variables, thus reducing the potential for the presence of confounding factors. However,
in keeping with the applied nature of food science, results of this work will also provide
practical information. This will be achieved through the use of a meat system,
demonstrating the applicability of the information obtained in model system work.
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CHAPTER 2
LITERATURE REVIEW

Myoglobin
Myoglobin is a globular hemoprotein of ~18 kD, whose primary function is
oxygen storage in heart and skeletal muscle tissues (Livingston and Brown 1981).
Though it is the main pigment in retail meat cuts, significant levels of hemoglobin may
also be present. Though the exact ratio of myoglobin to hemoglobin will vary depending
on the species, age, sex, and physical activity of the animal, as well as the muscle type
and post-slaughter treatment (Livingston and Brown 1981; von Elbe and Schwartz 1996),
myoglobin is typically responsible for ~90% of the pigment present in beef (Hunt and
Hedrick 1977; von Elbe and Schwartz 1996).
The heme portion of the molecule is present in a hydrophobic pocket buried
within the globin. The heme porphyrin contains a single iron molecule at its center,
coordinated to four porphyrin nitrogens, and the imidazole nitrogen from the proximal
histidine residue. These interactions stabilize the heme moiety within the protein cleft.
The sixth iron-binding site can be occupied by one of several small molecules, such as
oxygen and carbon monoxide, or it can be left unoccupied. The nature of the ligand, and
its effect on the oxidation state of the iron, influence observed meat color.

Meat Color
Three myoglobin pigments are of particular importance in fresh meat systems:
deoxymyoglobin (dMb), oxymyoglobin (MbO2), and metmyoglobin (MetMb; Fig. 1).
dMb contains a high-spin ferrous-state (Fe2+) iron with no ligand in its sixth coordination
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Figure 1. Myoglobin pigments in fresh meat systems.

site (Livingston and Brown 1981). It appears purplish-red in color, with an absorbance
maxmima of 555 nm (Bowen 1949). This is the predominant pigment in vacuum
packaged raw meats. MbO2 is a bright, cherry-red pigment, associated with “fresh” raw
beef, with absorbance maxima at 580 and 545 nm (Bowen 1949; Williams 1956). The
heme iron is present in a low-spin ferrous state, which is liganded to an oxygen molecule
at its sixth coordination site (Livingston and Brown 1981). MbO2 is the predominant
surface pigment in meat that has “bloomed.” MetMb contains a high-spin ferric-state
(Fe3+) iron, which is typically coordinated to a water molecule (Livingston and Brown
1981). The resulting pigment appears brown, with absorbance maxima at 505 nm (Brill
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and Williams 1961) and 630 nm (Bowen 1949). Greene and others (1971) demonstrated
that MetMb levels exceeding 40% in raw meats resulted in rejection by a majority of
consumers. Many consumers equate freshness of raw meats with color, and often base
their purchase decisions on this characteristic (Issanchou 1996). Industry estimates on
the subsequent financial losses range from $700 million to $1 billion (Hoffman-La Roche
Inc. 1993, Liu and others 1995). The preservation of red color in raw beef products could
reduce these losses.
Oxidation of Mb in model systems can be observed spectrophotometrically by
monitoring the characteristic peaks for MbO2 and MetMb. Alternatively, relative
proportions of the three different forms of Mb can be calculated from the absorbance at
the isobestic points of 473, 525, and 572 nm (Kryzwicki 1979). In meats, Mb oxidation
can be assessed using reflectance spectra, Hunter a* values (redness / yellowness),
chroma (color saturation), or hue angle (true redness).

Myoglobin Oxidation
The early studies of George and Stratmann (1952) on myoglobin oxidation in
fresh meats demonstrated the inhibitory effect of high oxygen concentration. While
essentially no oxidation was observed in the absence of oxygen, maximal rates were
found to occur at low oxygen partial pressures (1 – 1.4 mm Hg, at 30°C and pH 5.7).
While this dependence was found to be centered around the dissociation constant for the
binding of oxygen to myoglobin (eq. 1), no mechanism for myoglobin oxidation was
offered.
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MbO2

dMb + O2

(1)

Since then, several different mechanisms have been proposed. Debate has focused on the
initial oxidized species (dMb vs. MbO2), the oxidizing species (e.g. O2 vs. H2O2), and the
participation of anions, protons, and lipid oxidation products. Several pertinent models
are outlined below.
Weiss (1964), based upon his work with hemoglobin, suggested that MbO2 was
directly oxidized via dissociation of superoxide (O2 -):

MbO2

MetMb + O2

-

(2)

This would require a transfer of one electron from the ferrous iron to oxygen, which is
generally considered to be an exceedingly slow process, if it occurs at all (Shikama
1990). The redox potentials for the ferric/ferrous myoglobin (Mb(III) + eand oxygen/superoxide (O2 + e-

Mb(II))

O2 -) couples are +0.046 volts (Taylor and Morgan

1942) and -0.33 volts, respectively. The reduction potential (E⁰) for reaction (2) is
therefore -0.37, with a free energy of +8.5 kcal/mol (Shikama 1990), meaning this cannot
occur spontaneously. Curiously, though this model is discounted, it often appears as a
required initial step in a series of reactions (see below).
Brown and Mebine (1969) determined dMb was the oxidized species, and thus
oxidation was indirectly dependent on oxygen concentration, as found by George and
Stratmann (1952). Additionally, it was suggested that myoglobin oxidation was directly
dependent on proton concentration:

9
MbO2

dMb + O2

4H+ + 4dMb + O2

(1)

4MetMb + 2H2O

(3)

It was also cautioned that inadequate removal of reducing agents used to generate dMb
(specifically, hydrosulfite) could have a significant effect on experimental observations,
resulting in skewed interpretations.
Satoh and Shikama (1981) suggested myoglobin oxidation proceeded by way of a
nucleophilic displacement, requiring the participation of an anion. The rate of oxidation
would also depend on the type and concentration of anion present:

-

MbO2 + A

AMb┤
O2

MetMb∙A- + O2

-

(4)

It was suggested that H2O or OH- would serve as the nucleophile in vivo, thus explaining
the apparent dependence on pH. The thermodynamic barrier presented by the direct
dissociation of O2 - may be relieved as a result of the interaction of the nucleophile with
the heme iron, creating a new complex with a different redox potential (Miller and others
1990).
Wallace and others (1982) suggested the model of Satoh and Shikama (1981) is
inadequate in terms of explaining the dependence on oxygen concentration, and
concluded dMb, not MbO2, was necessarily the oxidized species. Also, myoglobin
oxidation was found to be dependent on the proton concentration in a linear fashion. The
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authors used this dependence to tie Mb oxidation more closely to pH. Thus, a more
complex “ligand-mediated” model was proposed:

MbO2
dMb

dMb + O2
+

A-

(1)

dMb∙A-

dMb∙A- + O2

(5a)

MetMb∙A- + O2

-

(5b)

Or (at low pH)
dMb + H+

dMb(H+)

dMb(H+) + A-

(5c)

dMb(H+)∙A-

dMb(H+)∙A- + O2

(5d)

MetMb∙A- + HO2

(5b)

It was suggested that the pH dependence arises from the interaction of protons with either
the protein itself, or with the bound oxygen molecule. Anaerobic studies conducted by
Taboy and others (2000) suggest that the anion effect is due to a change in charge at the
protein surface in the vicinity of the heme moiety, not necessarily by direct interaction
with the heme itself.
Tajima and Shikama (1987) furthered the model proposed by Satoh and Shikama
(1981), suggesting that hydrogen peroxide generated in the decomposition of superoxide
not only contributed to continuing myoglobin oxidation, but in fact increased its rate:

MbO2 + A-

AMb┤
O2

MetMb∙A- + O2

-

(4)
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2 O2

-

+ 2H+

H2O2

2MbO2 + H2O2 + 2H+

(6a)
2MetMb + 2H2O + 2O2

(6b)

They theorized that the rate of myoglobin oxidation should be reduced by 50% in the
presence of catalase. However, when this experiment was performed, no reproducible
results were obtained, and some of the observed rate reductions could not be
distinguished from experimental error.
Wazawa and others (1992) used a series of computer simulations, based on
previously proposed, experimentally determined models, to determine whether or not
hydrogen peroxide played a role in the oxidation of myoglobin by oxygen. The resulting
model suggests the reaction with hydrogen peroxide forms a ferryl intermediate, which
then reacts with a second myoglobin molecule:

MbO2

dMb + O2

dMb + H2O2

Mb(IV) + 2OH-

(1)
(7a)

Mb(IV) + dMb

2 MetMb

(7b)

MetMb + H2O2

Mb(IV)=O + H2O

(7c)

Hydrogen peroxide would be generated through the decomposition of superoxide
produced through a nucleophilic displacement pathway (eqs. 4, 6a, 6b or eqs. 1, 5a, 5b).
It is questionable, however, whether two heme groups could approach each other closely
enough to affect the transfer of electrons as suggested in eq. 7b.
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Brantley and others (1993) compared native or wild-type to engineered
myoglobins to examine the effect of replacement of the distal histidine on myoglobin
oxidation. They found that either dMb or MbO2 could be the oxidized species, through
nucleophilic displacement, or protonation followed by displacement, respectively:

Nucleophilic displacement pathway:
MbO2

dMb + O2

dMb + H2O

(1)

dMb∙H2O

dMb∙H2O + O2

MetMb∙H2O + O2

(8a)
-

(8b)

Protonation/displacement pathway:
MbO2 + 2H+
Mb(H+) O2

Mb(H+) O2
MetMb

MetMb + H2O

+ HO2

MetMb∙H2O

(8c)
(8d)
(8d)

As experiments conducted in the presence of catalase showed <30% rate reduction, and
previous studies demonstrated the lack of myoglobin oxidation in the absence of oxygen,
it was concluded that oxygen is the sole oxidizing species, despite the generation of
superoxide (eq. 8b) which could be converted to hydrogen peroxide.
Kanner and Gorelik (2001) proposed an overall reaction sequence for the
oxidation of myoglobin, including the contribution of lipid oxidation products:

MbO2

dMb + O2

(1)
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dMb + O2
2 O2

-

MetMb + O2

+ 2H+

MetMb + H2O2
dMb + H2O2
dMb + ROOH
dMb

+ RO

(9a)

H2O2

(9b)

Mb(IV)=O + H2O

(9c)

Mb(IV)=O + H2O
MetMb + RO
MetMb + RO

MbO2 + Mb(IV) + H+
MbO2 + Fe3+

-

(9d)
-

+ OH

-

(9e)
(9f)

-

2MetMb + OH + O2

MetMb + O2 + Fe2+

(9g)
(9h)

where ROOH and RO represent hydroperoxides and radicals formed in lipid oxidation.
While this series of reactions is indeed exhaustive, there are some questionable steps. As
written, eq. 9a represents an autoxidation of myoglobin; it is known that this reaction
does not happen (Livingston and Brown 1981; Shikama 1990). If this reaction is
removed from the series, the sole sources of MetMb generation lie in eqs. 9e and 9h. The
contribution of eq. 9h was discounted by the researchers in their own model, leaving eq.
9e as the only significant source of MetMb. This would suggest myoglobin oxidation is
inextricably linked to lipid oxidation, not just increased by it. Additionally, Goldstein
and Samuni (2005) used pulse radiolysis to demonstrate that radicals (specifically,
hydroxyl) do not interact with the heme iron, but rather with the globin.

Effect of Lipid Oxidation
Current work regarding the effect of lipid oxidation on myoglobin stability
follows two lines of thinking: 1) It has been proposed that aldehydes, by-products from
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lipid oxidation, are capable of affecting the myoglobin molecule itself (Faustman and
others 1999; Lynch and Faustman 2000). Binding sites for 4-hydroxy-2-nonenal were
recently identified by Alderton and others (2003). It was suggested that the resulting
change to the tertiary structure of Mb opens the heme cleft, allowing oxidizing species
easier access. 2) Monahan and others (2005), however, suggested that the effect of lipid
oxidation on myoglobin results from the consumption of O2, and the concomitant
lowering of its partial pressure. This would agree with previous observations regarding
the protective effect of high and very low oxygen concentration against Mb oxidation
(George and Stratmann 1952).

Antioxidant Types
Antioxidants used in food systems are classified as Type I (electron donating
radical quenchers), or Type II (metal chelating). Many Type I antioxidants have been
identified and studied, including Vitamins A and E, the synthetics BHA and BHT, and
plant polyphenolics. In the meat industry, Vitamin E has received much attention, for the
prevention of both lipid oxidation (Arnold and others 1989) and loss of red color (Chan
and others 1995).
The use of Type II antioxidants has not been studied as extensively. Though
sodium tripolyphosphate is known to prevent lipid oxidation (Stoick and others 1991), it
is used primarily for its water-binding properties. Phytate has been shown to be an
effective chelator (Graf and others 1987), significantly lowering lipid oxidation in cooked
beef (Lee and others 1998b) and chicken (Empson and others 1991), and preserving meat
color in raw samples (Lee and others 1998a). Oxalate, a ferrous iron chelator, also
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limited oxidative rancidity and preserved red color in fresh ground beef (Govindarajan
and Hultin 1977). MM is also believed to be a Type II antioxidant (Cornforth and West
2002), though this has not been conclusively demonstrated. It has been shown that the
addition of MM to cooked (Jayasingh and Cornforth 2003) and raw (Vissa and Cornforth
2006) meat systems significantly lowers lipid oxidation, as compared to controls and
samples with added Type I antioxidants (Vitamin E, butylated hydroxytoluene). In
contrast, St. Angelo and others (1990) found Type II antioxidants to be less effective than
Type I antioxidants in inhibiting lipid oxidation.

Type II Antioxidants and Myoglobin Oxidation
None of the previously discussed models for myoglobin oxidation can
satisfactorily explain the preservation of meat color resulting from the addition of Type II
antioxidants such as phytate (Lee and others 1998a) and MM (Visa and Cornforth 2006).
Unfortunately, only Hunter color measurements were taken in these studies; while the
samples may have remained visually red, it is not known if the observed pigment was
MbO2. If the role of Type II antioxidants is primarily iron chelation, it appears likely that
the observed preservation of meat color might be a function of the removal of iron from
the system. To date, no models have been proposed which include a direct role for iron
in Mb oxidation. In fact, many previous model studies have not addressed the possibility
of the presence of iron contamination in reagents, lipids, or buffers. Even trace amounts
of metals such as iron or copper may be sufficient to catalyze oxidation reactions (Miller
and others 1990). Snyder and Skrdlant (1966) suggested increased oxidation rates seen in
purified Mb are the result of the inadvertent introduction of catalytic metal ions such as
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copper. Lipid oxidation, which can trigger Mb oxidation, is known to be dependent on
the presence of catalytically active iron (Kanner and others 1986; Kanner and Gorelik
2001).
To examine the possibility that there is a direct role for iron in Mb oxidation, a
model system must be used that is as iron-free as possible. Welch and others (2002)
examined several common buffers to determine which ones would minimize iron
autoxidation, and have less trace metal contamination. Phosphate buffers were found to
be unacceptable in this sense, though this type of buffer has been used in many Mb model
system studies (Brown and Mebine 1969; Bembers and Satterlee 1975; Satoh and
Shikama 1981; Wallace and others 1982; Tajima and Shikama 1987; Brantley and others
1993; Gorelik and Kanner 2001). Many previous investigations have not addressed the
potential effects of iron contamination on myoglobin oxidation in model systems, though
its role in oxygen radical generation is well established (Graf and others 1984; Halliwell
and Gutteridge 1984; Aust and others 1985; Miller and others 1990). If possible,
contaminating iron should be removed. Otherwise, levels of iron contamination should
be determined, and taken into account when interpreting results. To remove iron,
aqueous reagents may be solvent-extracted with a water-insoluble iron chelator, such as
bathophenanthroline (Miller and others 1990). Unfortunately, Mb and phospholipids
cannot be purified this way, as contact with solvent may denature Mb, and lipids would
dissolve in the extraction solvent.
In order to observe the effect of Type II antioxidants on Mb oxidation in ironpurified systems, antioxidant compounds must be used that are known to chelate iron.
While MM has been shown to preserve raw meat color (Visa and Cornforth 2006), its
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proposed function as an iron chelator has not been confirmed. MM is a fine, slightly
gritty white powder, obtained by purifying and drying the ultra-filtration permeate of
whey. The major component of MM is the mineral fraction, known to contain calcium,
phosphate, magnesium, and citrate, but little is known about the nature of the calcium
phosphate present in MM. Therefore, its iron binding ability must be demonstrated
before its use as a Type II antioxidant can be justified.
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CHAPTER 3
ANTIOXIDANT MECHANISM OF MILK MINERAL –
HIGH-AFFINITY IRON BINDING1

Abstract
Milk mineral (MM), a by-product of whey processing, is an effective antioxidant
in meat systems, but the antioxidant mechanism has not been established. MM has been
postulated to chelate iron and prevent iron-catalysis of lipid oxidation. The objective of
this research was to examine this putative mechanism. MM was compared to sodium
tripolyphosphate (STPP), calcium phosphate monobasic (CPM), and calcium
pyrophosphate (CPP) to determine iron-binding capacity, sample solubility, and eluate
soluble phosphorus after treating samples with a 1 mg/ml ferrous chloride solution.
Scanning electron microscopy with energy dispersive x-ray analysis was used to localize
minerals on iron-treated MM particle surfaces. Histochemical staining for calcium was
performed on raw and cooked ground beef samples with added MM. MM bound more
iron per gram (P < 0.05) than the other compounds, and was much less soluble (P < 0.05)
than either STPP or CPM. Mineral localization showed an even distribution of calcium,
phosphorus, oxygen and iron across the MM particle surface, directly demonstrating iron
binding to MM particles. Unlike other common chelating agents, such as STPP and
citrate, histochemical staining demonstrated MM remained insoluble in ground beef, even
after cooking. The ability of MM to bind iron and remain insoluble may enhance its
1

Reprinted from Allen K, Cornforth D. 2007. Antioxidant mechanism of milk mineral –
high-affinity iron binding. J Food Sci 72(1):C78-83.
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antioxidant effect, by removing iron ions from solution. However, MM particles must be
small and well distributed in order to adequately contact and bind iron present throughout
the food system.

Introduction
Many consumers equate freshness of raw meats with red color, and often base
their purchase decisions on this characteristic (Issanchou 1996). Indeed, studies suggest
the presence of brown colors in raw meats result in reduced sales (Hood 1980), with
industry estimates on the subsequent financial losses in the 1990’s ranging from $700
million to $1 billion (Hoffman-La Roche Inc. 1993; Liu and others 1995). The
preservation of red color in raw beef products could reduce such losses. High-oxygen
modified atmosphere packaging has been shown to delay the onset of browning in fresh
beef products (Jakobsen and Bertelsen 2000; Ho and others 2003). However, while red
color may be preserved, the high oxygen atmosphere appears to increase lipid oxidation,
leading to the development of rancid flavors and odors (Jayasingh and others 2002).
Warmed-over-flavor, an indicator of lipid oxidation, is also the limiting factor for
consumer acceptance of uncured, pre-cooked meats (e.g. cooked ground beef patties,
pizza toppings, and cooked ground beef crumbles).
Much attention has therefore been focused on antioxidants, which can be used to
decrease lipid oxidation. Several studies have focused on the use of milk mineral (MM)
in cooked meat systems (Cornforth and West 2002; Jayasingh and others 2003; Vasavada
and Cornforth 2005) and raw meats (Vissa and Cornforth 2006). These studies have
found MM to be a potent antioxidant, rivaling sodium tripolyphosphate (STPP) in its
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effectiveness. It has been suggested that the calcium phosphate fraction of MM may
function as a Type II (iron-binding) antioxidant, as does STPP, by binding iron and
effectively preventing it from catalyzing lipid oxidation (Cornforth and West 2002).
However, this has not been definitively demonstrated.
Milk mineral is a by-product of the production of whey protein concentrates. It is
a fine, slightly gritty white powder (particle size <7 µm; Fig. 2), obtained by purifying
and drying the ultra-filtration permeate of whey. The major component of MM is the
mineral fraction, predominately calcium and phosphorus, though it contains some lactose
and protein, and trace amounts of fat (Table 1). The mineral fraction is derived from the
colloidal inorganic and protein-associated minerals present in the casein micelle, and the
free ions in equilibrium with these forms. The composition of the colloidal fraction in

Figure 2. SEM micrograph of milk mineral showing particle size distribution. (100x
magnification; scale on picture = 300 microns)
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Table 1. Compositional data for milk mineral as provided by the manufacturer, and
mineral content as determined by ICP analysis. Values are given as a percent by weight.
Manufacturer
ICP analysis
Constituent
specifications
Total mineral (%)
Inorganic mineral (ash) (%)
Organic mineral (citrate) (%)
Calcium (%)
Phosphorus (%)
Magnesium (%)
Iron (%)
Lactose (%)
Protein (%)
Free moisture (%)
Fat (%)

80.2
71.2
9.0
24.0
13.5
1.5
0.09
10.0
5.0
4.0
0.5

---21.6
10.8
1.5
0.06
-----

n/a = specs not available; ICP = inductively coupled plasma

milk has been studied extensively (see Gaucheron 2005 for a review), and it is known to
contain calcium, phosphate, magnesium, and citrate. The inorganic form of calcium
phosphate present has been suggested to be predominately brushite (CaHPO4.2H2O; Holt
and Sawyer 1988; Holt and others 1996), or a mixture of amorphous and crystalline
hydroxyapatite (Ca10(PO4)6(OH)2; Thomsen and others 1995; Bak and others 2001).
However, little is known about the nature of the calcium phosphate present in MM.

The

objective of this research was to study the mode of action by which MM prevents lipid
oxidation by: 1) comparing its iron binding capacity to STPP and other calcium
phosphate forms; 2) examining its solubility in raw and cooked beef; and 3) localizing
minerals across particle surfaces using scanning electron microscopy (SEM), to examine
the possibility that a physical association exists between MM calcium phosphate and
added iron.
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Materials and Methods
Iron binding column preparation. Columns were prepared using small (14.5 cm
length) disposable borosilicate Pasteur-type pipettes (Scientific Products, McGraw Park,
IL). Columns were plugged with glass wool, then filled with test material to a depth of
2.5 cm. The amount of test material added to each column was determined by weight
difference. MM (Glanbia, Monroe, WI), STPP (Fisher, Fairlawn, NJ), calcium phosphate
monobasic (CPM; JT Baker, Phillipsburg, NJ), and calcium pyrophosphate (CPP;
Aldrich, St. Louis, MO) were used as test materials (Fig. 3). Columns were pre-wetted
with 1 ml of distilled water (DI), then either 0.5 ml of 1 mg/ml iron standard (ferrous
chloride, JT Baker, Phillipsburg, NJ) and 0.5 ml DI, or 1 ml of 5 mg/ml iron standard was
added. Eight additional 1 ml DI rinses were added, for a total wash volume of 10 ml. At
least 9.75 ml of filtrate was recovered in all cases. Ten replicates (n=10) were performed
for each test material.
Percent packing loss. Spent iron binding columns were dried overnight at 90° C
then cooled in a dessicator. Columns were weighed to determine the amount of packing
solubilized. Results were expressed as a percent of the original packing weight for each
column.
Iron retention. Total iron content of the filtrates was determined using the
Ferrozine assay (Carter 1971). Samples were read at 562 nm using a Shimadzu
UV2100U spectrophotometer (Columbia, MD) as a measure of total iron concentration.
Each filtrate was assayed in duplicate. Iron retention, in mg iron / g packing compound,
was calculated based on a target value of either 0.05 mg iron / ml or 0.5 mg iron / ml
filtrate, the expected concentration if no iron is retained by the column.
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Figure 3. Structures, composition, and solubility data for additional column packing
compounds.
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Percent soluble phosphorus. Total orthophosphate content of the filtrates was
determined using the ammonium molybdate/antimony potassium tartrate method (EPA
365.3). Samples were read at 650 nm using a Shimadzu UV2100U spectrophotometer.
Only soluble orthophosphates were detected; pyro- and polyphosphates will only produce
the typical blue chromagen when some degree of hydrolysis has occurred. Each filtrate
was assayed in duplicate. Percent soluble phosphorus was calculated based on the weight
of the original packing material and the percent phosphorus (Table 1, Fig. 3) in each
compound.
SEM. After drying, one MM iron retention column was broken and the contents
used for mineral localization by SEM with energy dispersive x-ray spectrometry (EDS).
A Hitachi S3000-N (Pleasanton, CA) scanning electron microscope was used, with the
following operating conditions: sample distance, 15.4 mm; accelerating voltage, 15.0
kV; and tilt angle, 0.0°. Examinations were made at 1200x magnification. A qualitative
elemental scan was performed to identify the major constituents of MM.
Light microscopy. Lean ground beef (90%) was obtained from the USU Meat
Lab. Samples for calcium staining were prepared by adding MM or STPP at 0.75% and
1.5% levels to 50 g of meat. Samples were mixed thoroughly (kneading 25 times),
wrapped in plastic film, then placed in resealable sandwich bags and held under
refrigeration for three days. Cooked samples were shaped, after mixing, into patties 5 cm
in diameter by 0.5 cm high, heated on both sides on a flat grill to an internal temperature
of 75° C, then cooled to room temperature before wrapping and refrigerating.
Samples for iron staining were prepared by thoroughly mixing 0.3252 g MM with
0.5 ml 1 mg/ml iron standard, which was allowed to sit overnight until dry. The
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MM/iron mixture was then added to 49.68 g of meat (equivalent to 0.75% MM). Raw
sample was mixed and stored as described above.
Samples were prepared for light microscopy by dehydrating, embedding in
paraffin, sectioning, and re-hydrating. Von Kossa and Perl’s staining (Sheehan and
Hrapchak, 1980) were performed on the re-hydrated sections to test for the presence of
undissolved calcium and undissolved iron, respectively. Slides were viewed at 40x
magnification.
Data analysis. Statistical analysis was performed for percent packing loss, iron
retention, and soluble phosphorus values by analysis of variance using the proc GLM
function in SAS version 9.0 (SAS Institute, Inc., Cary, NC). Statistical significance was
identified at the 95% confidence level. Least significant difference (LSD) tests were used
to separate means of treatments (packing compound type).

Results and Discussion
Iron binding capacity, soluble phosphorus, and packing loss. The type of packing
compound used significantly affected the amount of iron bound by the columns (P <
0.0001), the percent soluble phosphorus (P < 0.0001), and the percent of the packing that
was solubilized (P < 0.0001; Table 2; see Appendix A for detailed statistics). MM was
found to bind more iron per gram than any of the other three compounds, and was less
soluble than either STPP or CPM. CPM filtrates contained more soluble phosphorus than
the others, but less than may be expected based on its high solubility. This was likely due
to the presence of high levels of non-chelated iron in these filtrates, as iron can interfere
with the initial binding of orthophosphate to form the molybdate complex, and
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Table 2. Iron binding capacity, % solubility of packing material, and % soluble
phosphorus for column experiment.a
Iron binding
% Soluble
% Solubility
capacity
phosphorus
Milk mineral
Sodium tripolyphosphate
Calcium pyrophosphate
Calcium phosphate
monobasic

14.9 ± 1.1
11.0 ± 0.9
1.12 ± 0.12
0.43 ± 0.46

a
b
c
d

20.7 ± 0.6
69.4 ± 25.3
1.13 ± 0.38
75.3 ± 9.4

b
a
c
a

3.46 ± 1.64
0.00 ± 0.00
2.56 ± 1.39
17.5 ± 7.2

b
c
b
a

P < 0.0001
P < 0.0001
P < 0.0001
LSD = 0.34
LSD = 6.12
LSD = 1.71
a
Iron binding capacity is given in mg iron bound per g packing material. % soluble
phosphorus is calculated against the total phosphorus content of the packing material, and
includes only soluble ortho-phosphates. All values represent the mean ± standard
deviation. Values sharing letters within columns are not significantly different (P >
0.05). P-Values are given for effect of packing material.

can consume the reducing agent (ascorbic acid) required to intensify the blue color.
Absence of testable soluble phosphorus in STPP was due to the presence of phosphates in
the poly (vs. ortho) form.
Mineral localization. EDS elemental localizations (Fig. 4) indicate an even
distribution of calcium (Fig 4b), phosphorus (Fig. 4c), and oxygen (Fig. 4d) across the
MM particle surface. Considerable amounts of magnesium (Fig. 4e) were also present.
Approximately 0.02% iron by weight was present in the MM sample (obtained from a
used iron-binding column), and it was likewise evenly dispersed across the surface of the
particle (Fig. 4f). The qualitative elemental scan (Fig. 5) reveals the presence of low
levels of carbon, a possible indication of the presence of citrate in the mineral particles.
The EDS procedure can identify elements in the sample, since each element generates xrays of a characteristic energy level when exposed to the electron beam during the SEM
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Figure 4. SEM micrograph of milk mineral particle (a) and mineral localization by SEM
EDS of calcium (b), phosphorus (c), oxygen (d), magnesium (e), and iron (f). Milk
mineral was from spent iron binding column, and contains approximately 0.02% iron by
weight. Large particle size is due to clumping during column rinsing and drying. Black
“cracks” on micrograph are artifacts of microscopy. (1200x magnification; bar = 10
microns)
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Figure 5. Qualitative elemental scan of milk mineral from SEM EDS. Horizontal axis is
energy in KeV (thousand electron volts). Vertical axis is detected x-ray count (arbitrary
units). The energy (horizontal axis) of the x-rays emitted after electron bombardment by
SEM is characteristic of a given element. The intensity of detected x-rays (peak height
on vertical axis) provides a qualitative measure of the concentration of a given element at
the sample surface. Peak heights (in brackets) are shown for O, P, and Ca for reference
only.

procedure. Due to limitations of the EDS procedure, however, the peak heights provide
only qualitative information regarding elemental concentrations. For the iron-treated MM
sample (Fig 5), iron is present at low levels relative to phosphorus, oxygen, and calcium,
but no conclusions may be drawn regarding the relative concentrations of oxygen,
phosphorus, and calcium.
Microscopic examination for undissolved calcium and iron. The presence of
insoluble calcium in ground beef + MM samples was verified by the black spots seen in
Fig. 6. Even after cooking, insoluble calcium-based particles were observed. (It is
important to note the black color associated with the calcium in Fig. 6 is a result of the
histological stain used, and would not normally be visible in meat treated with MM.) The
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a

b

Figure 6. Light microscopy of raw (a) and cooked (b) lean ground beef samples
containing MM or STP. Samples were treated with the Von Kossa stain; calciumcontaining particles are black. Cell shrinkage during fixation is indicated by white gaps
between muscle fibers. (40x magnification)

absence of such spots in the ground beef + STPP samples was not surprising, as no
calcium was added. However, evidence supporting the solubility of STPP can also be
seen. Compared to the control, the 0.75% STPP sample shows much less muscle fiber
shrinkage (white gaps between red muscle fibers). In the 1.5% STPP sample, this
difference was even more pronounced. In addition to iron, soluble phosphates will bind
water. This series of slides (Fig. 6) shows the effect of the soluble phosphate, as less cell
shrinkage was observed.
Slides of Perl’s staining for iron (not shown) showed no evidence of iron
particulate, despite the addition of a significant amount of iron to the MM. This indicates
that any iron present was dispersed in relatively fine “particles” throughout the meat
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sample, and was not present in the form of larger, insoluble ferric clusters.
Similarities between MM and other calcium phosphates. On the average, 20% of
the MM column packing was lost. MM contains approximately 80% mineral, 10%
lactose, and 4 – 5% protein and moisture; it is likely the majority or packing lost from the
column was solubilized lactose and protein, though some small fraction of the finer
mineral particles may have been lost as well. After correcting for mineral content, the
solubility of MM was closer to that of CPP, suggesting that the form of calcium
phosphate present in MM was more similar to CPP than CPM. Likewise, soluble
phosphorus results showed that, of the compounds tested, MM was most similar to CPP.
Other types of calcium phosphate compounds are insoluble or sparingly soluble in
water, and may be present in MM. It has been suggested that after heat treatment of milk,
the forms of calcium phosphate present shift to hydroxyapatite (Ca10(PO4)6(OH)2; Visser
and others 1986) or -tricalcium phosphate (Ca3(PO4)2; Nelson and others 1989), both of
which are insoluble. In considering other possible calcium phosphate forms, it is
necessary to consider their potential to bind iron. In this study, neither of the calcium
phosphate compounds examined bound iron as effectively as MM. It is reasonable to
predict that compounds such as -tricalcium phosphate, in which the majority of the
phosphate oxygen groups are bound to calcium in an insoluble complex, would not bind
iron as efficiently, since there is no negative charge present to interact with positively
charged iron ions. In addition to being insoluble, the calcium phosphate form(s)
suggested to be in MM must be capable of binding relatively large amounts of iron to fit
the results presented here.
Recently, Bak and others (2001) used 31P solid-state magic angle spinning nuclear
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magnetic resonance to examine both the inorganic calcium phosphate and proteinassociated calcium phosphate in casein micelles. Lu and others (2000) used both X-ray
photoelectron spectroscopy and time-of-flight secondary mass spectrometry to determine
the forms of calcium phosphate present on the surface of a bone sample. In both studies,
characteristic spectra were obtained for multiple calcium phosphate forms, which were
then compared to sample spectra to determine the ratios of each form present. Such
analyses have yet to be applied to MM, but would provide invaluable information on the
nature of its calcium phosphate.
Iron binding potential. The iron binding values for STPP, CPM, and CPP
represent maximums, where quantifiable levels of iron were observed in the filtrate.
Both STPP and MM columns were loaded with 10x the iron as CPM and CPP. No iron
was detectable in the MM filtrates even at this level. It was not possible to load more
iron onto the columns than this without decreasing the subsequent rinse volume, a factor
that could confound results. Therefore, iron binding values were calculated based on the
fact that none of the iron added was found in the MM filtrate. Even so, MM bound
significantly more iron than any of the other compounds tested. It is possible that the true
binding potential for MM is higher than indicated in this study.
At this point, it is necessary to address the potential contribution of other nonphosphate components to the iron binding potential. There is residual protein present in
MM, but according to manufacturer’s specifications, it consists primarily of the whey
proteins ( -lactalbumin and -lactoglobulin), though it is possible some trace amount of
lactoferrin was also present. Additionally, lactoferrin can bind only two iron molecules
per peptide (Steijns 2001), so its contribution to the overall binding potential would be
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minimal. Likewise, citrate may chelate iron, but based on the manufacturer’s
specifications and the SEM data presented here, its contribution was probably minimal.
SEM results clearly indicate the potential for a physical association between
calcium phosphate and iron. Since SEM images typically represent the top 1 to 2
microns at the surface of an object, this association can be characterized as a surface
phenomenon (though interactions between phosphates and iron in the interior of a
somewhat porous particle cannot be excluded). Considered in conjunction with column
solubility data (Table 2) and the Von Kossa staining results (Fig. 6), a unique relationship
is seen: MM interacts with iron, removing it from solution, and therefore the insoluble
complex would be less subject to subsequent dissociation of iron. Govindarajan and
Hultin (1977) likewise suggested the presence of an iron-oxalate precipitate to account
for the effectiveness of 1% oxalate as an inhibitor of color and lipid oxidation in ground
beef. This is in sharp contrast to STPP, which is highly soluble. The observed
differences in iron binding potential between MM and STPP may be due, at least in part,
to dissociation of iron from STPP in solution.
USDA regulations allow the addition of 0.5% STPP, as a percent of final product
weight, to various cooked meats. Assuming the binding capacity obtained in this study
(~ 15mg Fe/g MM) is a true maximum, and the average non-heme iron concentration in
cooked ground beef is 8.5 g/g (Carpenter and Clark 1995), MM added at 0.05% by
weight could theoretically be expected to control iron catalyzed oxidation. However,
because this binding potential was obtained by passing a liquid through a column, contact
between iron and binding sites was optimized. In a relatively solid, non-homogeneous
matrix like ground meat, it is reasonable to expect a higher than theoretical level must be
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added to contact and bind iron. Cornforth and West (2002) found the optimum level of
MM to prevent lipid oxidation was 2% for cooked ground beef and pork, and 1% for
ground turkey. However, in all cases, addition of 0.5% MM significantly reduced TBA
values as compared to controls. Vasavada and Cornforth (2005) found 1.5% MM
sufficient to prevent lipid oxidation in cooked beef meatballs. MM was found to decrease
oxidation of both lipid and oxymyoglobin (thus preserving red color) in raw ground beef
at only 0.75% addition (Vissa and Cornforth 2006).

Conclusions
MM has been demonstrated to be a Type II, iron-chelating antioxidant. It was
found to bind significantly more iron per gram than STPP. The ability of MM to bind
iron and remain insoluble may enhance its antioxidant effect. Thus, MM particles must
be small and well distributed in order to adequately bind iron throughout the food system.
Neither of the calcium phosphate forms examined in this study can account for the iron
binding behavior of MM, though its solubility was similar to CPP. The nature of calcium
phosphate present in MM is of interest, as there is an ongoing debate over whether certain
forms decrease iron absorption (Lynch 2000; Grinder-Petersen and others 2004;
Roughead and others 2005). The characterization of MM calcium phosphate by nuclear
magnetic resonance, X-ray photoelectron spectroscopy, or time-of-flight secondary mass
spectrometry, in conjunction with iron absorption studies, would be valuable to ascertain
the possible negative effects of MM addition on iron bioavailability.
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CHAPTER 4
MYOGLOBIN OXIDATION IN A MODEL SYSTEM AS AFFECTED
BY NON-HEME IRON AND IRON CHELATING AGENTS1
Abstract
A model system was used to study the effect of non-heme iron on myoglobin
oxidation at pH 5.6 and pH 7.2 at 23°C. The addition of ferrous iron significantly (p <
0.05) increased the rate of myoglobin oxidation in the absence of lipid, demonstrating
that iron promoted myoglobin oxidation independent of the effect of lipid oxidation. The
addition of the Type II, iron chelating antioxidants sodium tripolyphosphate (at pH 7.2)
or milk mineral (at pH 5.6) negated the effect of added iron, slowing oxidation of
myoglobin. A clear concentration dependence was seen for iron-stimulated myoglobin
oxidation, based on both spectral and visual evidence. Further investigation is needed to
determine the possible role for non-heme ferrous iron on myoglobin oxidation in vivo or
in meat.

Introduction
Several studies have demonstrated a marked color-stabilizing effect of iron
chelators in raw ground beef or beef model systems. Oxalate (1), phytic acid (2), and
sodium pyro- and polyphosphate (3) were all found to inhibit metmyoglobin (MetMb)
formation and lipid oxidation during storage. More recently, milk mineral (MM; 4), a
whey-derived compound consisting primarily of colloidal calcium phosphate particles,
1

Reproduced with permission from Allen K.E.; Cornforth D.P. Myoglobin oxidation in a
model system as affected by nonheme iron and ion chelating agents. J. Ag. Food Chem.
2006, 54, 10134-10140. Copyright 2006 American Chemical Society.
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was also found to preserve red color and prevent lipid oxidation in fresh ground beef. It
was further demonstrated that MM has strong iron-chelating properties (5, 6). The
mechanism by which color is preserved has not been determined, but it is possible that
the observed effect is a function of the removal of “free” iron from the system.
It is well established that iron indirectly stimulates myoglobin (Mb) oxidation via
lipid oxidation catalyzed by redox active iron (7-9). Current work regarding the effect of
lipid oxidation on Mb stability follows two lines of thinking. 1) It has been proposed that
aldehydes, byproducts from lipid oxidation, are capable of affecting the myoglobin
molecule itself (8, 10). Binding sites for 4-hydroxy-2-nonenal were recently identified by
Alderton et al. (11). It was suggested that the resulting change to the tertiary structure of
Mb opens the heme cleft, allowing oxidizing species easier access. 2) Monahan et al.
(12), however, suggested that the effect of lipid oxidation on myoglobin results in part
from the consumption of O2, and the concomitant lowering of its partial pressure (pO2).
This would agree with previous observations regarding the protective effect of high and
very low pO2 against Mb oxidation (13).
Several different pathways for myoglobin oxidation in the absence of lipid have
been proposed. These include the dissociation of superoxide (O2 -) from MbO2 (14);
anion-mediated electron transfer (15); nucleophilic displacement of oxygen from MbO2
(16, 17); oxidation of dMb by oxygen-derived species such as H2O2 and hydroxyl
radicals (OH -) (18, 19); or a combination of two or more of the above factors (9, 20).
Most proposed models for Mb oxidation do not include a defined role for non-heme iron,
though a few have attempted to provide for some contribution, suggesting that some
oxidation of MbO2 to MetMb is caused by Fe3+. Gorelik and Kanner (9) included this
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pathway as one of several contributing to the overall oxidation of Mb, but questioned the
extent of its contribution.
The aim of this study was to demonstrate that ferrous iron can stimulate Mb
oxidation, independent of the effect of lipid oxidation and its by-products. To examine
the effect of iron removal, two phosphate-type iron chelators (sodium tripolyphosphate
(STPP) and MM) were chosen. Two pH levels were used, representative of physiological
(pH = 7.2) and post-mortem muscle (pH = 5.6), since Mb stability is known to decrease
with increasing acidity (15, 16, 21, 22).

Materials and Methods
Materials. Ferrous chloride (FeCl2) was obtained from JT Baker (Phillipsburg,
NJ). STPP, Tris(hydroxymethyl)aminomethane HCl (Tris), and 2-(4-morpholine)
ethanesulfone acid (MES) were obtained from Fisher Scientific (Fairlawn, NJ).
Lyophilized horse skeletal myoglobin (95-100% purity), sodium dithionite, and
bathophenanthroline were obtained from Sigma Scientific (St. Louis, MO). Sephadex G25 Fine beads were obtained from Pharmacia Fine Chemicals, Inc. (Piscataway, NJ). Soy
phosphatidylcholine (SPC) was obtained from Avanti Polar Lipids (Alabaster, AL). Milk
mineral was obtained from Glanbia Nutritionals (Twin Falls, ID).
Reagent and buffer preparation. FeCl2 solution was prepared at a concentration of
0.1 mg/ml in 0.1 N HCl. Bathophenanthroline solution was prepared at a concentration
of 0.13 mg/ml in a 5% ethanol / 95% hexane mixture. To reduce potential competition
for iron between buffers and test compounds, nitrogen-based buffers (Tris and MES)
were used. These buffers also slow the rate of iron autoxidation (and the subsequent
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formation of oxidizing species such as hydrogen peroxide (H2O2)) as compared to
oxygen-based buffers (23). MES buffer solution (0.04 M) was prepared in distilled
water, and adjusted to a final pH of 5.6 using a concentrated sodium hydroxide solution.
Two portions of Tris buffer (0.1M) were prepared as described for MES, with final pH
values of 7.2 and 8.0. Residual iron was then removed from buffers using a
bathophenanthroline extraction (24). Briefly, 100 ml of buffer was extracted three times
with 10 ml aliquots of bathophenanthroline solution, using a separatory funnel. Extracted
buffer was heated to approximately 95°C while being stirred rapidly to remove residual
ethanol. Buffer was cooled, and final volume adjusted back to 100 ml with distilled,
deionized water (DDI; < 1ml).
Iron content of myoglobin and phospholipid. Since myoglobin and lipid could not
be purified of contaminating iron using the bathophenanthroline extraction, their total
iron content was determined. Samples were dry ashed in triplicate, then assayed for iron
using the Ferrozine procedure (25). The ratio of moles of myoglobin to moles of iron
was 1:0.994, which was very close to the expected ratio of 1:1. Therefore, it was
concluded that the horse skeletal myoglobin was not contaminated with extraneous iron.
However, the SPC contained 12 µg iron/g. This contamination was considered in terms
of model system design and subsequent interpretation of results.
Generation of oxymyoglobin stock solutions. A concentrated solution of horse
skeletal myoglobin (~20 mg/ml) was prepared in DDI water (21). Since precipitation
was observed when sodium dithionite crystals were added directly, the myoglobin was
reduced by adding 100 µl of a 40 mg/ml dithionite solution (26). The myoglobin solution
was agitated gently until the characteristic purplish color of deoxymyoglobin (dMb) was
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observed. To remove excess dithionite, the dMb solution was passed through a 4cm
Sephadex G25 column, and eluted with Tris buffer (pH 8.0). Deoxymyoglobin was
converted to oxymyoglobin (MbO2) by swirling and gently bubbling air through the
solution with a Pasteur pipette. Conversion to MbO2 was confirmed
spectrophotometrically, based on the presence of the characteristic MbO2 peaks at 545
and 580 nm (27). The concentration of the MbO2 stock solution was adjusted to ~0.1
mM with the appropriate buffer (MES, pH 5.6 or Tris, pH 7.2). Fresh MbO2 stock was
generated for each experiment and replicate. The total Mb concentration (MbO2 + dMb +
MetMb) of each individual stock was determined using a millimolar extinction
coefficient of 7.6 at the isobestic point of 525nm (27). The actual concentration of each
model system solution was calculated as one-half of the corresponding stock
concentration, because the MbO2 stock was diluted 1:1 in all cases (Table 3).
Preparation of myoglobin model system samples. Model systems (MS) were
prepared in the appropriate buffer (MES, pH 5.6 or Tris, pH 7.2) using a combination of
MbO2, FeCl2, and/or antioxidant (Table 3) to observe the effect of non-heme iron on the
conversion of MbO2 to MetMb in the absence of lipid. Lipid-containing model systems
(LS) were prepared in the appropriate buffer (MES, pH 5.6 or Tris, pH 7.2) using a
combination of MbO2, SPC, FeCl2, and/or antioxidant to examine the effect in the
presence of lipid. Systems were designed to provide the following concentrations: MbO2,
50 µM; Fe, 35 µM (where the ratio of Mb to added iron is equal to reported
concentrations of Mb and Fe in beef muscle; 21, 28); SP, 2 mg/ml; antioxidant (MM or
STPP), 2 mg/ml. Systems were prepared in disposable 3.5 ml spectrophotometer
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Table 3. Model system formulations.
Buffer (ml)

MbO2 (ml)

Component
FeCl2 (µl)

1-control

1.25

1.25

2-control + Fe

1.20

3-MM

Model
System

a

Chelatorb
(mg)

SPCc (mg)

-

-

(5)

1.25

50

-

(5)

1.25

1.25

-

5

(5)

4-MM + Fe

1.20

1.25

50

5

(5)

5-STPP

1.25

1.25

-

5

(5)

6-STPP + Fe

1.20

1.25

50

5

(5)

a

Lipid-free and lipid-containing systems were formulated identically, with the exception
of the lipid component.
b
Buffer used was either 0.04M 2-(4-morpholine)ethanesulfone acid at pH 5.6, or 0.1M
Tris
(hydroxymethyl) aminomethane HCl at pH 7.2.
c
Chelator used was either milk mineral (MM) or sodium tripolyphosphate (STPP), as
designated
in the model system name.
d
Soy phosphatadylcholine (SPC) was used only in lipid-containing systems. MbO2 = 0.1
mM oxymyoglobin; FeCl2 = 0.1 mg/ml in 0.1 N HCl.

cuvettes, covered with disposable cuvette caps, and inverted 10 times prior to running the
initial spectral scan (400 – 650nm), using a Shimadzu UV2100U spectrophotometer
(Shimadzu Corporation, Columbia, MD). Scans were repeated for each system at 15, 30,
45, and 60 minutes, and at 1 and 2 days. Samples were held at room temperature (23°C),
as previous reports indicated that the effect of temperature on Mb oxidation was minimal
between 10° and 20° C (22). Five complete replicates were performed at each pH.
Preparation of samples for visual and spectral examination. Samples and control
were prepared using the same formulation as for model systems 1 – 4 (Table 3) at pH 5.6
only, using 0.2mM MbO2 stock. Representative spectra (400 – 650nm) were obtained at
0.5 minutes, 1 hour, and 1 day. Digital photographs of the cuvettes were taken at 1 hour
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and 1 day. Samples were held at room temperature (23°C).
Preparation of samples for measurement of iron concentration effects. Samples
were prepared as for model system 2 (Table 3) at pH 5.6 only, but iron concentration was
varied from 35, 180, and 350 µM added iron. Control (0 µM added iron) consisted of
equal parts MbO2 and MES. Additional control samples were prepared containing 2
mg/ml MM or STPP, with no added iron. Representative spectra (400 – 650nm) were
obtained every 5 minutes for 1 hour, for a total of 13 scans per sample.
Calculation of %MbO2 remaining. Absorbance values were corrected to account
for turbidity in samples resulting from the addition of MM and/or SPC. Total Mb
concentration (MbO2 + dMb + MetMb) can be determined using a millimolar extinction
coefficient of 7.6 at the isobestic point of 525nm (27). Because the concentration of
myoglobin added to each model system was known (KC), a turbidity correction factor
was calculated based upon the measured absorbance at 525 nm. The KC was used to
estimate what the absorbance would be in the absence of turbidity (where KC x 7.6 =
A525). The calculated A525 was subtracted from the measured A525, and the difference
used to correct spectra for turbidity.
Because only relative loss of MbO2 was of interest during the time course of the
experiment, actual MbO2 concentrations were not calculated. The ratio of the sum of
absorbance at 545 and 580 nm (characteristic features of MbO2) to the absorbance at 505
nm (a characteristic feature of MetMb (29)) was monitored in each model system, and
compared to the initial reading of the corresponding MbO2 stock (to account for
background absorbance at 505 nm):
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MbO2 : Met Ratio = A545 + A580
A505
% MbO2 remaining = Sample MbO2 : Met Ratio X 100
Stock MbO2 : Met Ratio
Data analysis. For model system values, %MbO2 remaining was evaluated as a
repeated measures design. The proc mixed function in SAS version 9.0 (SAS Institute,
Inc., Cary, NC) was used with an autoregressive moving average structure. Statistical
significance was identified at the 95% confidence level, and post-hoc means comparisons
were made based on p-values obtained using the Tukey-Kramer adjustment. For data
obtained from the effect of iron concentration, %MbO2 remaining was plotted versus
time for each iron concentration.

Results
Model systems. For lipid-free systems at pH 5.6, significantly more MbO2 was oxidized
to MetMb over the 3-day time course of the experiment in the iron-added system (system
2) than in the systems containing an iron chelator (systems 3 and 5;Table 4; see Appendix
B for detailed statistics). At pH 7.2, the difference was even more pronounced, since the
iron-added system exhibited more MbO2 oxidation than any other system, including the
control (Table 5). Thus, addition of an iron chelator minimized conversion of MbO2 to
MetMb, regardless of pH. While the differences were not as pronounced in lipid
systems, MM minimized Mb oxidation at pH 5.6 (system 3; Table 4), and STPP
minimized Mb oxidation at pH 7.2 (system 5; Table 5). At pH 7.2, the addition of iron
without a chelator promoted Mb oxidation to the same degree as lipid alone (Table 5).
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Table 4. Means pooled over time for %MbO2 remaining in lipid-free (MS) and lipidcontaining (LS) model systems at pH 5.6a.
pH = 5.6
%MbO2 remaining in MS %MbO2 remaining in LS p-value
(lipid-free)
(2 mg lipid/ml)
(MS vs. LS)
1-control

61.7 ± 20.8

B,C,D

50.7 ± 18.3

A,B

NS

2-control + Fe

45.4 ± 16.2

D

42.2 ± 14.6

B

NS

3-MM

82.1 ± 17.2

A

53.5 ± 19.5

A

p = 0.0003

4-MM + Fe

54.2 ± 18.1

C,D

46.1 ± 19.2

A,B

NS

5-STP

73.6 ± 16.5

A,B

45.4 ± 15.9

A,B

p = 0.0003

6-STP + Fe

63.3 ± 17.6

B,C

49.5 ± 16.9

A,B

NS

a

Values represent mean +/- standard deviation. Values sharing letters within (but not
between) columns are not significantly different (p > 0.05). p-Values are shown for
lipid-free vs. lipid-containing systems with the same formulation. NS = no significant
difference

Table 5. Means pooled over time for %MbO2 remaining in lipid-free (MS) and lipidcontaining (LS) model systems at pH 7.2a.
pH = 7.2
%MbO2 remaining in MS %MbO2 remaining in LS p-value
(lipid-free)
(2 mg lipid/ml)
(MS vs. LS)
1-control

77.7 ± 13.6

C

66.5 ± 23.8

A,B

p = 0.01

2-control + Fe

64.3 ± 16.7

D

58.7 ± 20.4

B

NS

3-MM

87.5 ± 12.9

A

68.6 ± 22.7

A,B

p < 0.0001

4-MM + Fe

80.3 ± 11.4

B,C

63.5 ± 21.2

A,B

p < 0.0001

5-STP

91.1 ± 7.6

A

70.2 ± 23.6

A

p < 0.0001

6-STP + Fe

86.1 ± 7.7

A,B

65.2 ± 21.5

A,B

p < 0.0001

a

Values represent mean +/- standard deviation. Values sharing letters within (but not
between) columns are not significantly different (p > 0.05). p-Values are shown for
lipid-free vs. lipid-containing systems with the same formulation. NS = no significant
difference
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At pH 5.6 (Table 6), significant oxidation occurred in the iron-added sample after
15 minutes, as compared to its initial reading (time = 0.5 minutes). In other model
system formulations, Mb oxidation was not significantly increased until one-day
incubation time. By 15 minutes, the iron-added system (system 2) had significantly more
MbO2 oxidation than either system containing a chelator (systems 3 and 5). This
difference became more pronounced as time passed. After one day, the MM sample
(system 3) had more MbO2 remaining than both the control (system 1) and the iron-added
sample (system 2).
In lipid systems at pH 5.6 (Table 6), the MM system (system 3) exhibited a
significant conversion of MbO2 to MetMb by 60 minutes, while other systems did not
change significantly in MbO2 content until day one. However, the MM sample was less
oxidized at 60 minutes than the iron-added sample.
At pH 7.2, the addition of STPP (with or without additional iron) delayed the
onset of Mb oxidation (Table 7). Though other samples (i.e. control, control + Fe, MM,
and MM + Fe) differed significantly from the initial readings by 15 minutes, samples
containing STPP did not differ until one day. No significant difference existed, however,
between samples containing only MM or STPP at any time point. The addition of either
chelator preserved MbO2 versus the control and the iron-added samples after 60 minutes;
the effect was more pronounced after one day. In lipid systems, MbO2 values did not
differ from initial readings until one day had passed (Table 7).
Spectral and visual changes as affected by added iron. Initially (0.5 min), spectra
for all samples show distinct peaks at 545 and 580 nm, characteristic of MbO2

Table 6. Means for %MbO2 remaining at selected time points in model systems at pH 5.6a.
Samples at
%MbO2 remaining
pH = 5.6
Initial (0.5 min)
15 min
60 min
Lipid-free model systems
A,B
A,B,C
A,B
1-control
81.2 ± 7.6
73.5 ± 10.9
69.3 ± 10.7

36.4 ± 4.4*

2-control + Fe

73.3 ± 5.9

3-MM

1 day
B,C

A,B

54.0 ± 4.6*

C

41.7 ± 6.8

C

27.1 ± 9.0

C

93.9 ± 12.9

A

89.7 ± 10.6

A

89.1 ± 12.6

A

65.8 ± 7.7*

A

4-MM + Fe

66.7 ± 18.5

B

61.3 ± 16.9

B,C

59.6 ± 16.5

B,C

38.3 ± 5.5*

B,C

5-STP

84.5 ± 12.1

A,B

82.4 ± 12.1

A,B

80.0 ± 11.5

A,B

57.9 ± 6.5*

A,B

6-STP + Fe

79.5 ± 12.1

A,B

72.8 ± 10.7

A,B,C

68.1 ± 7.9

A,B

44.3 ± 8.9*

A,B,C

Lipid-containing model systems
1-control

69.5 ± 10.6

NS

61.9 ± 8.9

NS

55.7 ± 8.8

A,B

24.9 ± 6.7*

NS

2-control + Fe

62.4 ± 12.6

NS

51.7 ± 8.8

NS

37.3 ± 9.5

B

25.1 ± 4.7*

NS

3-MM

72.8 ± 15.7

NS

62.4 ± 10.6

NS

58.0 ± 9.9*

A

27.9 ± 7.3

NS

4-MM + Fe

59.2 ± 22.5

NS

54.8 ± 18.5

NS

50.1 ± 15.2

A,B

28.0 ± 8.2*

NS

5-STP

55.5 ± 19.2

NS

50.9 ± 12.2

NS

50.8 ± 14.2

A,B

29.6 ± 10.3*

NS

6-STP + Fe

63.4 ± 16.1

NS

55.7 ± 11.2

NS

55.3 ± 13.9

A,B

28.6 ± 6.2*

NS

a

Values represent mean +/- standard deviation. Values sharing letters within (but not between) column groupings are not
significantly different (p > 0.05). Asterisk (*) denotes first significantly different value (p < 0.05) vs. initial reading (t = 0.5)
for the given system (within rows). NS = no significant difference

Table 7. Means for %MbO2 remaining at selected time points in model systems at pH 7.2a.
Samples at
%MbO2 remaining
pH = 7.2
Initial (0.5 min)
15 min
60 min
Lipid-free model systems

1 day

1-control

97.6 ± 4.9

A

85.5 ± 3.7*

A,B

79.3 ± 3.8

B

64.4 ± 3.1

2-control + Fe

86.2 ± 3.9

B

72.9 ± 4.2*

C

67.6 ± 3.9

B

46.4 ± 12.3

105.7 ± 10.3

A

94.0 ± 2.9*

A,B

88.9 ± 2.3

A

77.3 ± 4.1

A,B

84.1 ± 1.2*

B,C

82.8 ± 3.6

A

69.5 ± 3.4

B,C

3-MM

B,C
D

4-MM + Fe

96.3 ± 7.0

A,B

5-STP

99.1 ± 5.3

A

95.9 ± 4.7

A

93.6 ± 4.7

A

84.8 ± 6.0*

A

6-STP + Fe

94.7 ± 5.2

A,B

90.6 ± 4.3

A,B

86.7 ± 4.8

A

79.7 ± 4.7*

A,B

Lipid-containing model systems
1-control

87.5 ± 12.9

NS

79.9 ± 8.7

NS

77.0 ± 5.4

NS

33.2 ± 14.0*

NS

2-control + Fe

81.5 ± 16.2

NS

70.1 ± 8.8

NS

67.7 ± 7.4

NS

30.2 ± 11.6*

NS

3-MM

90.0 ± 10.8

NS

81.1 ± 11.4

NS

75.2 ± 12.9

NS

39.2 ± 10.9*

NS

4-MM + Fe

84.0 ± 14.0

NS

72.9 ± 11.5

NS

70.4 ± 8.5

NS

35.4 ± 9.3*

NS

5-STP

84.9 ± 14.0

NS

87.0 ± 12.0

NS

78.3 ± 15.4

NS

37.7 ± 7.3*

NS

6-STP + Fe

83.9 ± 13.2

NS

76.3 ± 9.8

NS

71.5 ± 10.9

NS

34.4 ± 9.7*

NS

a

Values represent mean +/- standard deviation. Values sharing letters within (but not between) column groupings are not
significantly different (p > 0.05). Asterisk (*) denotes first significantly different value (p < 0.05) vs. initial reading (t = 0.5)
for the given system (within rows). NS = no significant difference
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(Figure 7). After one hour, the sample containing 50µM added iron (without chelator)
was noticeably more brown, with lower absorbance values at 545 and 580 nm. As
absorbance values at 545 and 580 nm decreased, new peaks appeared at 505 and 630 nm,
indicative of a conversion from MbO2 (bright red) to MetMb (brown). After one day,
spectra indicated a shift to MetMb in all samples. This shift was more prominent,
however, in the control and iron-added samples. Visually, the samples with added MM
or STPP retained more red color than the control or iron added samples. Distinct MbO2
peaks were still visible in the spectra of both samples containing an iron chelator (MM or
STPP).
Effect of iron concentration. MbO2 oxidation appears to occur more rapidly with
the addition of iron, in a concentration dependent manner (Figure 8). After 60 minutes,
in the MM sample only 5% of the initial MbO2 had oxidized, while in both the control
and STPP samples, 11% was oxidized. The oxidation of MbO2 in the control sample
suggests that a trace level of unbound iron may have been present in the Mb stock, since
this loss was not seen in either the MM or STPP control. In samples with 35, 180, or
350μM added iron, 18%, 43% and 46% of the MbO2 originally present, respectively, was
converted to MetMb.

Discussion
The addition of un-chelated, non-heme ferrous iron had a significant effect on the
rate at which MbO2 was converted to MetMb in this experiment. In some systems
containing an iron chelator, MbO2 oxidation was prevented for over one hour. However,
all samples eventually exhibited some degree of Mb oxidation. The source of this
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Figure 7. Spectral and visual evidence of myoglobin oxidation by non-heme iron after a)
0.5 minutes; b) 1 hour; c) 1 day. Samples were held at room temperature (23°C) at pH
5.6.
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Figure 8. Effect of added iron concentration on myoglobin oxidation at pH 5.6. %MbO2
remaining was calculated as the ratio of the oxymyoglobin peaks to the metmyoglobin
peak divided by the same ratio in the initial stock solution: %MbO2 remaining = [ (A545 +
A580) / (A505) in sample] / [ (A545 + A580) / (A505) in stock solution]. MM = milk mineral;
STPP = sodium tripolyphosphate.

background oxidation was not discernable based on these experiments. In lipid systems,
the oxidation of MbO2 was most likely due to the presence of lipid oxidation byproducts.
Nonenal, a product of lipid oxidation, has been shown to bind to certain histidine residues
in Mb, altering tertiary structure and potentially opening the heme cleft (11). This
conformational change increases the accessibility of oxidant species to the heme iron.
The observed stimulatory effect of iron on Mb oxidation in the absence of lipid is
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in disagreement with the findings of Gorelik and Kanner (9). Ferric iron was used in
their study, and no difference in oxidation was seen between the Mb control and the
sample with added ferric iron, in lipid free systems. It has been suggested that for iron to
exhibit a catalytic effect on the oxidation of biological molecules, it must be redox active
(i.e., both ferric and ferrous forms must be present; 23). In the case of ferrous iron, both
species would be present in aerobic systems as a result of autoxidation. Ferric iron,
however, requires the addition of a compound capable of reducing it to its ferrous form.
In the Gorelik and Kanner study (9), ascorbic acid was used as the reductant. Ascorbic
acid minimized Mb oxidation in their study, both with and without addition of iron. This
result was most likely due to the addition of ascorbic acid in excess, reducing all ferric
iron to the ferrous form, thus preventing redox cycling.
Though the exact manner in which ferrous iron promoted Mb oxidation in this
study cannot be determined based on the current results, several possibilities exist.
Castro et al. (30) reported that, in anaerobic systems, ferric iron did not react with MbO2,
while ferrous iron accelerated the rate of dissociation of O2. Since it is generally
accepted that dMb is the oxidized species (15, 21), non-heme ferrous iron may hasten Mb
oxidation through this action, though the extent to which Castro’s results apply to aerobic
systems is not known.
Ferrous iron is also known to participate in various reactions resulting in the
generation of oxidizing species. For example, H2O2 reacts with Fe2+ to produce HO
through the Fenton reaction. H2O2 may also be generated as a by-product of iron
autoxidation. Though these species are potent oxidants, the extent of their contribution to
Mb oxidation has been questioned. Wazawa et al. (18) reported the rate at which H2O2
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reacts with dMb was only one order of magnitude higher than that for its reaction with
MetMb (1.3 x 107 h-1 M-1 and 1.6 x 106 h-1 M-1, respectively). In contrast, HO reacts
with biomolecules rapidly and relatively indiscriminately (31,32). Though it is
undoubtedly capable of oxidizing the heme iron of Mb, its overall contribution may be
limited due to the logistics of transporting such a reactive species from its generation site.
While the ability of H2O2 and OH - to initiate biological oxidations cannot be
denied, it has been suggested that a more important initiator is an iron-oxygen complex,
such as the ferryl (Fe2+ - O) or perferryl (Fe2+ - O2) ion (33-35). In a spin trapping study
using dimethyl sulfoxide, ethanol, or glucose as subtrates, Qian and Buettner (36)
demonstrated that iron-oxygen complexes, formed through ―Fe2+ + O2 chemistry‖, were
the primary initiators of biological oxidation reactions. Evidence for the existence of
such a complex in aqueous solution has also been suggested by Hochstein (37). This
complex could partipate in the formation of an Fe2+ – OO – Fe2+ bridge, which has been
proposed as an intermediate step in Fe2+ autoxidation (38) and was detected in free
porphyrin ring oxidation (39). Additional studies are needed to determine the possible
existence of iron-oxygen intermediate species in the oxidation of aerobic Mb model
systems.
In conclusion, oxygen-based chelators such as phosphate stabilize iron in the
ferric state, while nitrogen-based chelators stabilize ferrous iron (40). In the absence of
an efficient reducing system, any phosphate-chelated iron would remain in the nonreactive ferric state, preventing its participation in any of the above-mentioned
mechanisms. This explains the effectiveness of the Type II iron-binding antioxidants
used in this and previous studies (1-4). Regardless of the mechanism by which non-heme
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iron stimulates Mb oxidation, the effect has been demonstrated in this study, and should
be considered when discussing Mb oxidation pathways. Further investigation is needed
to determine the possible role for non-heme ferrous iron on myoglobin oxidation in vivo
or in meat.
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CHAPTER 5
MYOGLOBIN OXIDATION IN AN IRON-CONTAINING MODEL SYSTEM AS
AFFECTED BY ATMOSPHERE MODIFICATION OR CATALASE

Abstract
A myoglobin (Mb)/ferrous iron model system was used to study the effect of
oxygen concentration (0%, 0.26%, 20%, 80% O2) and catalase activity on myoglobin
oxidation at pH 5.6, 23°C. Under standard atmospheric conditions, ferrous iron
promoted Mb oxidation (p < 0.05). This effect was prevented in the presence of the iron
chelator milk mineral (MM). In high O2 systems, iron did not stimulate Mb oxidation,
while in low or no O2 systems extensive Mb oxidation occurred within 15 minutes (≤
50% MbO2 remaining) for all systems. Addition of catalase did not affect Mb oxidation
when compared to the control. When added to an iron-containing system, however,
catalase significantly slowed Mb oxidation (p < 0.05), while MM addition completely
prevented the stimulatory effect of added iron on Mb oxidation (85, 53, 75, and 84%
MbO2 remaining after 1 hour in the control, added iron, catalase + iron, and MM + iron
systems, respectively). Based on these results, it was concluded that the mechanism of
iron action in Mb oxidation was only partly due to the generation of hydrogen peroxide
and other oxygen-derived radicals.

Introduction
Myoglobin (Mb) is the main pigment in meat, and its oxygenated form
(oxymyoglobin; MbO2) is responsible for the red “bloomed” color of fresh beef. While it
is well established that lipid oxidation contributes to Mb oxidation (Lynch and Faustman
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2000), the exact mechanism of Mb oxidation in the absence of lipids is not clear. Several
mechanisms have been proposed, and it is likely oxidation occurs via multiple pathways.
MbO2 itself is not susceptible to oxidation, but must be in its deoxygenated (dMb) form
for oxidation to occur (Livingston and Brown 1981; Wallace and others 1982). Highoxygen environments have been found to protect MbO2 in model systems (George and
Stratmann 1952) and preserve the red color of fresh meats (Jakobsen and Bertelsen 2000;
Vissa and Cornforth 2006), presumably because of the decreased susceptibility of MbO2.
Conversely, Mb oxidation occurs at its maximum in very low O2 environments, as a
result of the higher proportion of MbO2 that undergoes dissociation to dMb (George and
Stratmann 1952).
Many researchers have suggested that oxygen-derived species such as hydrogen
peroxide (H2O2) and the hydroxyl radical (HO ) are ultimately responsible for the
oxidation of Mb (Prasad and others 1989; Tajima and Shikama 1987; Wazawa and others
1992). H2O2 is generated in muscle tissue by the dismutation of superoxide (O2 -), and is
then subsequently removed by catalase. In model system studies, H2O2 is rarely added
directly. Its presence was assumed as a result of dismutation of O2 -, resulting from the
autoxidation of MbO2 (Tajima and Shikama 1987), or due to the addition of a series of
enzymes capable of reducing O2 to H2O2 (Prasad and others 1989). H2O2 was also found
to release iron from the heme (Prasad and others 1989), which could presumably
contribute to the formation of additional oxyradicals, though this was not examined
directly through the addition of non-heme iron.
A recent model system study demonstrated that Mb oxidation is directly
stimulated by the addition of ferrous iron, and that this effect could be minimized by the
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addition of metal chelators such as milk mineral (MM; see Chapter 4). Ferrous iron is
not stable at high pH, and will readily autoxidize in the presence of oxygen to form H2O2
(Halliwell and Gutteridge 1984). Additional ferrous iron can then react with H2O2 via
Fenton chemistry to produce HO . Whether the addition of ferrous iron promotes Mb
oxidation solely through H2O2 generation or by some other pathway is not known.
The objective of this study was to examine the effect of added ferrous iron on Mb
oxidation under modified atmosphere conditions or in the presence of catalase. To
demonstrate that the effect of added iron could be prevented, the calcium-phosphate
based iron chelator MM was used. The modified atmosphere conditions examined were
0% O2 (approximating vacuum packaged retail beef), 0.26% O2 (corresponding to
approximately 10 mmHg; see explanation below), 20% O2 (standard atmospheric
conditions), and 80% O2 (typical for modified atmosphere packaging of retail beef). The
effect of catalase was examined under standard atmospheric conditions.

Materials and Methods
Materials. Ferrous chloride (FeCl2) was obtained from JT Baker (Phillipsburg,
NJ). STPP, and MES were obtained from Fisher Scientific (Fairlawn, NJ). Lyophilized
horse skeletal myoglobin (95-100% purity), thymol-free bovine liver catalase
(EC1.11.1.6), sodium dithionite, and bathophenanthroline were obtained from Sigma
Scientific (St. Louis, MO). Sephadex G-25 Fine beads were obtained from Pharmacia
Fine Chemicals, Inc. (Piscataway, NJ). Milk mineral was obtained from Glanbia
Nutritionals (Twin Falls, ID). Certified Grade 80%, 20%, 0.26% O2 (balanced by N2)
and UHP N2 cylinders were obtained from Airgas, Inc., Specialty Gas Division (Radnor,
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PA). 80% O2, 20% O2, and N2 were picked to correspond with conditions present in
retail MAP, air-permeable polyvinylchloride overwrap, and vacuum packaging,
respectively. 0.26% O2 was chosen (oxygen partial pressure of 10 mmHg) based on the
findings of George and Stratmann (1952). This is above the pressure (1 to 1.4 mmHg) at
which the maximum oxidation rate occurred, but below the pressure (>30 mmHg) at
which a constant rate was seen. This level was chosen because the majority (~90%) of
MbO2 is intact, while at 1 mmHg, roughly 50% of the MbO2 is dissociated (present in the
dMb form; George and Stratmann 1952).
Reagent and buffer preparation. FeCl2 solution was prepared at a concentration of
0.1 mg/ml in 0.1 N HCl. Catalase was prepared at a concentration of 0.1 mg/ml in 0.05M
KH2PO4 buffer. The catalase used for this study was thymol-free. Thymol is used as a
preservative to maintain catalase function, protecting the enzyme from attack by oxygen
radicals (Kellogg and Fridovich 1975). In this system, however, thymol could quench the
oxygen radicals generated through iron autoxidation, and interfere with the results of the
experiment. MES buffer solution (0.04 M) was prepared as previously described (see
Chapter 4). Briefly, after adjusting to a pH of 5.6, it was extracted three times with a
0.13 mg/ml (5% ethanol/95% hexane) bathophenanthroline solution to remove residual
iron, then heated to drive off residual solvent. After cooling, the final volume was
adjusted back to 100 ml with iron-free water. In model systems such as this that rely on a
compounds ability to bind iron, it is important that nitrogen-based buffers (such as MES)
are used to minimize potential competition between the compound of interest and the
buffer for iron. These buffers also slow the rate of iron autoxidation (and the subsequent
formation of oxidizing species such as hydrogen peroxide) as compared to oxygen-based
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buffers (Welch and others 2002).
Generation of oxymyoglobin stock solutions. MbO2 stock solutions were
prepared as previously described (see Chapter 4). Briefly, concentrated solutions (~20
mg/ml in Millipore water) were reduced by adding a concentrated dithionite solution,
then purified by passing through a 4cm Sephadex G25 column with iron-free Tris buffer
(pH 8.0). Deoxymyoglobin was converted to MbO2 by swirling and gently bubbling air
through the solution with a Pasteur pipette. Conversion to MbO2 was confirmed
spectrophotometrically, based on the presence of the characteristic MbO2 peaks at 545
and 580 nm. The total myoglobin concentration was adjusted to ~0.1 mM with MES
buffer, calculated using a millimolar extinction coefficient of 7.6 at the isobestic point of
525nm (Bowen 1949). The actual concentration of each model system solution was
calculated as one-half of the corresponding stock concentration, because the MbO2 stock
was diluted 1:1 in all cases (Tables 8 & 9). Fresh MbO2 stock was generated for each
replicate of each experiment.
Preparation of myoglobin model system samples for modified atmosphere (%O2)
experiment. Model systems were prepared in MES buffer using a combination of MbO2,
FeCl2, and/or MM (Table 8). Systems were designed to provide concentrations as listed
above, and were prepared in disposable 3.5 ml spectrophotometer cuvettes by combining
buffer and MM, then capping and bubbling the appropriate gas (N2, 80%, 20%, or 0.26%
O2) through the buffer to provide a 5x volume exchange of the headspace in the cuvette
(18 ml gas total). Oxygen content of the buffer solutions was checked with a Lazar DO166 dissolved oxygen probe (Lazar Research Labs, Inc., Los Angeles, CA)
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Table 8. Modified atmosphere Model System formulations.
Component
Model System
a
Buffer (ml) MbO2 (ml) FeCl2a (µl) MMa (mg)
Control (0%)
1.25
1.25
Iron (0%)
1.20
1.25
50
MM + iron (0%)
1.20
1.25
50
5
Control (0.26%)
1.25
1.25
Iron (0.26%)
1.20
1.25
50
MM + iron (0.26%)
1.20
1.25
50
5
Control (20%)
1.25
1.25
-

O2 contentb
0%
0%
0%
0.26%
0.26%
0.26%
20%

Iron (20%)
1.20
1.25
50
20%
MM + iron (20%)
1.20
1.25
50
5
20%
Control (80%)
1.25
1.25
80%
Iron (80%)
1.20
1.25
50
80%
MM + iron (80%)
1.20
1.25
50
5
80%
a
MM = milk mineral; MbO2 = 0.1 mM oxymyoglobin; FeCl2 = 0.1 mg/ml in 0.1 N HCl
b
O2 content of gas used for atmosphere exchange. Gas was bubbled through buffer to
provide a 5x exchange based on the total volume of the buffer and headspace (5 mls
volume; 25 mls total gas flushed through).

Table 9. Catalase Model System formulations.
Model System
Control
Iron
Catalase
Catalase + iron
MM
MM + iron
Catalase + MM

Component
Buffer (ml) MbO2 (ml) FeCl2a (µl)
a

1.25
1.20
1.15
1.10
1.25

1.25
1.25
1.25
1.25
1.25

50
50
-

MMa (mg)
5

Catalaseb
(µl)
100
100
-

1.20
1.25
50
5
1.15
1.25
5
100
Catalase + MM + iron
1.10
1.25
50
5
100
a
MM = milk mineral; MbO2 = 0.1 mM oxymyoglobin; FeCl2 = 0.1 mg/ml in 0.1 N HCl
b
Catalase = 1 mg/ml; 11000 units (mmol min-1) at pH 5.6, 22˚C.
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calibrated in 1 mg/ml NaCl that had been bubbled with the corresponding gas. Cuvettes
remained capped and were held in sealed glass jars (approximately 500 ml) that were
back-flushed with the appropriate gas. Preliminary testing of the buffer indicated that the
atmosphere was maintained over the 1 hour course of the experiment. Immediately prior
to running the initial scan for each model system, Fe and MbO2 were added and mixed by
inverting 10 times. Spectral scans (400 – 650nm) were obtained using a Shimadzu
UV2100U spectrophotometer (Shimadzu Corporation, Columbia, MD). Scans were
repeated for each system at 15, 30, 45, and 60 minutes. Samples were held at room
temperature (23°C). Five complete replicates were performed.
Verification of catalase activity. To verify the activity of catalase in 0.04M MES
buffer, the method of Beers and Sizer (1952) was followed, as modified by Sigma
Scientific (Enzymatic Assay of Catalase, EC 1.11.1.6). Briefly, a 0.1 mg/ml solution of
catalase was prepared in each of two cold buffer solutions (0.05M KH2PO4, pH = 7.0 and
0.04M MES, pH 5.6). Upon adding 33µl of the catalase mixture, the absorbance of a
H2O2 solution was monitored at 240nm. The time was recorded that it took the
absorbance of the H2O2 solution to drop from 0.450 to 0.400. The units (µmol per min-1)
per mg of enzyme was calculated according to the following equation, as described in the
Sigma Scientific method:
Units/ml enzyme = 3.45 X dilution factor
T X 0.10
where T = the time in minutes required for the H2O2 concentration to drop from 10.3mM
to 9.2 mM (decrease in absorbance from 0.450 to 0.400). Based on the readings taken,
catalase activity in MES was at least 80% of the activity in KH2PO4 over the course of 1
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hour at room temperature (11192 and 14052 units / mg, respectively).
Preparation of myoglobin model system samples for catalase experiment. Model
systems were prepared in MES buffer using a combination of MbO2, FeCl2, catalase,
and/or MM (Table 9). Systems were designed to provide the following concentrations:
MbO2, 50 µM; Fe (as FeCl2), 35 µM (where the ratio of Mb to added iron is equal to
reported concentrations of Mb and Fe in beef muscle; Brown and Mebine 1969;
Schricker and Miller 1983); catalase, 0.15 nM (100 units / system, based on 80% activity
at pH 5.6); MM, 2 mg/ml. Systems were prepared in disposable 3.5 ml spectrophotometer
cuvettes by combining all reagents except MbO2, covering with disposable cuvette caps,
and inverting 10 times. Immediately prior to running the initial scan for each model
system, MbO2 was added and mixed by inverting 10 times. Spectal scans (400 – 650nm)
were obtained using a Shimadzu UV2100U spectrophotometer (Shimadzu Corporation,
Columbia, MD). Scans were repeated for each system at 15, 30, 45, and 60 minutes.
Samples were held at room temperature (23°C). Five complete replicates were
performed.
Calculation of %MbO2 remaining. Values were calculated as previously
described (see Chapter 4). Briefly, a turbidity correction factor was calculated based
upon the absorbance of the sample at 525 nm compared to that of the stock solution.
Relative loss of MbO2 was determined by comparing the ratio of MbO2 to MetMb in each
sample to the initial ratio of the corresponding MbO2 stock:
MbO2 : MetMb Ratio = A545 + A580
A505
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% MbO2 remaining = Sample MbO2 : MetMb Ratio X 100
Stock MbO2 : MetMb Ratio
Data analysis. Statistical analysis was performed using SAS version 9.0 (SAS
Institute, Inc., Cary, NC). %MbO2 remaining was evaluated as a repeated measures
design. The proc mixed function was used with an autoregressive moving average
structure. Statistical significance was identified at the 95% confidence level, and posthoc means comparisons were made based on P-values obtained using the Tukey-Kramer
adjustment.

Results and Discussion
Effect of atmosphere on MbO2 oxidation. Mb oxidized quickly in both the 0%
and 0.26% O2 systems, whether iron was present or not (Table 10). Initially, iron
stimulated Mb oxidation in the 0% O2 system as compared with the control (Table 11),

Table 10. % Oxymyoglobin (MbO2) remaining in modified atmosphere systems (pooled
over time).
Model System

%MbO2 Remainingb

a

0% O2

0.26% O2

20% O2

80% O2

Control

60.8 ± 21.3 c

57.5 ± 19.5 cd

83.3 ± 11.7 a

91.0 ± 5.7 a

Iron

49.6 ± 16.6 d

54.2 ± 18.2 cd

71.3 ± 14.0 b

84.3 ± 9.3 a

MM + iron

57.2 ± 16.7 cd

59.6 ± 18.7 c

86.1 ± 8.9 a

90.1 ± 7.3 a

a
b

For system formulations, see Table 8. MM = milk mineral
Values for pooled means represent mean +/- standard deviation pooled over time (0, 15,
30, 45, and 60 minutes). Values sharing letters (within and between columns) are not
significantly different (P > 0.05).
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though by 15 minutes no significant differences were seen between any of the 0% O2
systems. Castro and others (1978) found that adding ferrous iron stimulates the
dissociation of O2 from MbO2, rendering it susceptible to oxidation. It is likely that this
contributed to the initial oxidation observed in the 0% O2 systems. This effect was not
seen in the 0.26% O2 systems, which had high initial MbO2 concentrations but underwent
significant oxidation within 15 minutes (Table 12).
Mb must be present in its deoxy (dMb) form for oxidation to occur (Livingston
and Brown 1981; Wallace and others 1982). Under low oxygen tensions, there is a
higher proportion of dMb that is susceptible to attack by oxygen radicals. The rapid loss
of MbO2 seen in the 0.26% O2 systems was expected for this reason. However, the 0% O2
was expected to have a more protective effect (George and Stratmann 1952). Our Mb
stock solution used in the 0% O2 system was not treated to remove O2, in order to more
closely approximate the situation found in vacuum packaging of fresh beef. It is likely
that the O2 that dissociated from the MbO2 stock into the model system was sufficient to
rapidly stimulate Mb oxidation, more similar to results found under low oxygen tensions
(George and Stratmann 1952). When vacuum packaged fresh beef initially loses its red
color, it becomes brown as a result of Mb oxidation (Pierson and others 1970). Because
reducing conditions are present in the respiring muscle tissue, MetMb is subsequently
reduced back to dMb, giving the characteristic purple color associated with vacuumpackaged beef. In our model system, the components responsible for the reduction of
MetMb to dMb were not present.
In systems with higher O2 concentrations, rapid oxidation of Mb was not seen

Table 11. % Oxymyoglobin (MbO2) remaining in 0% O2 modified atmosphere systems
%MbO2 Remainingb
Model Systema
Initial (0 min)
15 min
30 min

45 min

60 min

Control

97.12 a

50.89 c

51.62 c

51.91 c

52.19 c

Iron

76.58 b

42.55 c

42.83 c

43.01 c

42.98 c

MM + iron

87.18 ab

48.31 c

49.21 c

50.33 c

51.81 c

a
b

For system formulations, see Table 8. MM = milk mineral
Values for individual time points represent mean +/- standard deviation at a given time point (n=5). Values sharing letters
(within and between columns) are not significantly different (P > 0.05).

Table 12. % Oxymyoglobin (MbO2) remaining in 0.26% O2 modified atmosphere systems
%MbO2 Remainingb
Model Systema
Initial (0 min)
15 min
30 min
45 min

60 min

Control

94.79 a

49.06 b

47.61 b

47.92 b

48.19 b

Iron

87.38 a

46.94 b

45.86 b

45.19 b

45.61 b

MM + iron

95.09 a

49.28 b

50.31 b

51.20 b

51.91 b

a
b

For system formulations, see Table 8. MM = milk mineral
Values for individual time points represent mean +/- standard deviation at a given time point (n=5). Values sharing letters
(within and between columns) are not significantly different (P > 0.05).
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(Table 10). In the 20% O2 system (approximating atmospheric conditions, or fresh beef
packaged in oxygen-permeable overwrap), added iron was again seen to stimulate Mb
oxidation (Table 13), while the addition of an iron chelator prevented this effect. By 45
minutes, the system with added iron had lost significantly more MbO2 than either the
control or the MM samples (Table 13), though there was no difference between the
control and MM systems at any time point. This agrees with previous studies conducted
under standard atmospheric conditions (i.e. no modification of the atmosphere; Allen and
Cornforth 2006). In the 80% O2 systems, Mb oxidation was minimized in all systems
(Table 14).
It has been suggested that Mb is oxidized by H2O2 directly (Prasad and others
1989; Tajima and Shikama 1987), or as a result of the subsequent formation of OH through Fenton chemistry. High oxygen tension prevents Mb oxidation (George and
Stratmann 1952), but under such conditions (i.e. in the 80% O2 system), ferrous iron
would be expected to autoxidize readily and generate oxygen radicals that should be
capable of oxidizing Mb. This was not seen in the current study (Table 14).
Effect of catalase on MbO2 oxidation. As found previously (see Chapter 4),
addition of Fe stimulated Mb oxidation in the model systems (P < 0.05). Addition of
MM resulted in a complete reversal of the adverse effect of added iron as compared to the
control (Table 15). While catalase did not prevent Mb oxidation as compared to the
control, addition of catalase to the iron-containing system significantly slowed MbO2 loss
(Table 15). However, catalase was not able to prevent the effect of added iron. To
ensure that catalase was not overwhelmed in the model systems, the maximum possible
H2O2 concentration was calculated. The autoxidation of ferrous iron

Table 13. % Oxymyoglobin (MbO2) remaining in 20% O2 modified atmosphere systems
%MbO2 Remainingb
a
Model System
Initial (0 min)
15 min
30 min
45 min

60 min

Control

97.5 ± 1.9 a

87.0 ± 8.3 abc

82.3 ± 10.1 abcd

77.1 ± 10.2 cd

72.8 ± 9.1 cd

Iron

93.8 ± 1.1 ab

74.2 ± 4.7 cd

67.6 ± 7.7 de

61.8 ± 8.7 e

59.0 ± 6.8 e

MM + iron

96.6 ± 3.2 ab

89.4 ± 7.8 ab

84.8 ± 7.3 abc

81.3 ± 6.8 bcd

78.4 ± 7.0 cd

a
b

For system formulations, see Table 8. MM = milk mineral
Values for individual time points represent mean +/- standard deviation at a given time point (n=5). Values sharing letters
(within and between columns) are not significantly different (P > 0.05).

Table 14. % Oxymyoglobin (MbO2) remaining in 80% O2 modified atmosphere systems
%MbO2 Remainingb
Model Systema
Initial (0 min)
15 min
30 min
45 min

60 min

Control

98.4 ± 2.9 a

93.9 ± 2.8 ab

89.6 ± 3.4 abc

87.4 ± 3.9 abcd

85.5 ± 3.9 abcd

Iron

96.6 ± 2.8 ab

90.3 ± 2.7 abc

83.9 ± 2.9 abcd

78.1 ± 3.8 cd

72.3 ± 3.8 d

MM + iron

99.9 ± 4.3 a

94.6 ± 2.0 ab

89.6 ± 2.4 abc

84.6 ± 3.6 abcd

81.8 ± 3.3 bcd

a
b

For system formulations, see Table 8. MM = milk mineral
Values for individual time points represent mean +/- standard deviation at a given time point (n=5). Values sharing letters
(within and between columns) are not significantly different (P > 0.05).
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to its ferric form generates H2O2 at a ratio of 2 moles H2O2 for every 3 moles Fe (Feig
and Lippard 1994). Assuming all of the iron added to the model systems underwent
autoxidation to Fe3+, a maximum of 0.059 umol H2O2 would be generated in each model
system. Based on the units of catalase present in each system, the maximum rate of H2O2
dismutation would be 100 umol min-1, or 1.8 umol sec-1. At this rate, thirty times as
much H2O2 could potentially be removed per second, suggesting that the catalase was
present at a sufficiently high level to eliminate the majority of the H2O2 generated.
Tajima and Shikama (1987) predicted that the addition of catalase should slow
Mb oxidation by 50%, but could not confirm this experimentally. In the current study,
reaction rates were not determined, but Mb oxidation in the catalase system was not
different from that observed in the control system. However, addition of catalase to the
iron-containing system had a significant protective effect (Table 15) compared to the
iron-only system. This demonstrates the role of catalytically active iron in generating
oxyradicals capable of oxidizing Mb, but does not entirely account for the effectiveness
of the iron chelators in limiting Mb oxidation. Addition of the iron chelator MM
prevented the effect of added iron, whether catalase was present or not. It is likely that
formation of H2O2 or subsequent radicals is not the sole role of Fe2+ in Mb oxidation. It
has been proposed that metals such as iron may be able to form complexes with partiallyreduced oxygen radicals, protecting them from attack by radical scavengers (e.g. catalase;
Aust and others 1985). This contradicts the results for the 80% O2 system (Table 14),
where iron did not stimulate Mb oxidation despite the likelihood that iron autoxidation
(and subsequent radical generation) would readily occur. The most plausible explanation
for this observation is the stability exhibited by MbO2 to direct oxidation (George and

Table 15. % Oxymyoglobin (MbO2) remaining in catalase systems (pooled means and individual time points).
%MbO2 Remaining (individual time points)c
a
b
Model System
% MbO2 (pooled)
15 min
30 min
45 min

60 min

Control

91.2 ± 5.2 ab

94.3 ± 3.0 a

90.2 ± 1.4 abc*

87.5 ± 1.9 a

85.4 ± 2.2 a

Iron

68.8 ± 16.8 e

75.4 ± 7.4 c*

65.8 ± 10.9 e

58.2 ± 12.2 c

52.6 ± 12.7 c

Catalase

91.7 ± 4.2 a

93.3 ± 1.4 ab

91.0 ± 1.5 abc*

88.9 ± 1.7 a

87.2 ± 1.7 a

Catalase + iron

79.3 ± 6.5 d

79.2 ± 6.6 c*

78.7 ± 5.0 d

76.5 ± 5.0 b

74.9 ± 5.2 b

MM

94.4 ± 5.6 a

93.6 ± 1.9 a

92.7 ± 1.6 ab*

91.1 ± 1.6 a

90.4 ± 1.4 a

MM + iron

87.4 ± 5.7 bc

86.1 ± 1.6 bc*

86.7 ± 3.9 bcd

83.4 ± 2.3 ab

84.3 ± 4.1 a

Catalase + MM

94.5 ± 6.1 a

93.2 ± 2.5 ab*

94.8 ± 7.2 a

91.0 ± 2.1 a

89.9 ± 2.0 a

Catalase + MM + iron

86.2 ± 5.2 c

85.7 ± 2.1 bc*

84.4 ± 2.2 cd

83.4 ± 2.0 ab

82.5 ± 2.0 ab

a

For system formulations, see Table 9. MM = milk mineral
Values for pooled means represent mean +/- standard deviation pooled over time (0, 15, 30, 45, and 60 minutes). Values
sharing letters (within this column only) are not significantly different (P > 0.05).
c
Values for selected time points represent mean +/- standard deviation at a given time point (n=5). Values sharing letters
(within but not between columns) are not significantly different (P > 0.05).
*Time point where first significant difference (P < 0.05) as compared to the initial reading occurs for each model system
formulation.
b
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Stratmann 1952).

Conclusions
Addition of ferrous iron did not stimulate Mb oxidation under high-oxygen
conditions, though it would reasonably be expected to undergo autoxidation to the ferric
form, producing oxyradicals. High-oxygen conditions maintain a higher proportion of
MbO2 as compared to dMb, the form that undergoes oxidation. Under standard
atmospheric conditions (20% O2), ferrous iron stimulated Mb oxidation. This effect can
be minimized by the addition of catalase, because H2O2 formed during iron autoxidation
is capable of oxidizing Mb. The addition of the iron chelator MM completely prevented
the effect of added iron, suggesting the formation of radicals such as H2O2 was not the
only role of Fe2+ in Mb oxidation.
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CHAPTER 6
EFFECT OF CHELATING AGENTS AND SPICE-DERIVED ANTIOXIDANTS ON
MYOGLOBIN OXIDATION IN A LIPID-FREE MODEL SYSTEM1

Abstract
This study compared myoglobin (Mb) oxidation in lipid-free model systems
containing iron and Type I (radical quenching) or Type II (metal chelating) antioxidants.
Oxidation was measured as loss of oxymyoglobin (MbO2) during 0-24 hr holding at
22°C. Sodium tripolyphosphate (STPP) demonstrated iron binding ability at all
concentrations tested, (88% and 21% added iron bound at 1.0 and 0.05 mg/ml,
respectively). Iron chelation was observed for phytic acid only at the highest
concentration (9.5% bound at 1mg/ml phytate). Neither Type I antioxidant (rosmarinate
or eugenol) demonstrated any iron-chelating ability (< 0.5% bound). In presence of iron,
Type I antioxidants had a significant (p < 0.05) pro-oxidant effect (54.7% retention of
MbO2 in control, 9.5 and 37.5% retention in rosemarinate and eugenol samples,
respectively). The Type II antioxidants (STPP and phytate) were more effective
inhibitors (p < 0.05) of Mb oxidation than Type I antioxidants, (68.7 and 61.1% for STPP
and phytate, respectively). Type I antioxidants were capable of rapid reduction of ferric
iron to the ferrous form, as measured by the ferrozine assay. This strong reducing ability
accounted for the pro-oxidant effects of rosmarinic acid and eugenol, since ferrous iron is
the form associated with generation of oxygen radicals, and subsequent Mb oxidation.
1

Reprinted from Allen K, Cornforth D. 2009. Effect of chelating agents and spicederived antioxidants on myoglobin oxidation in a lipid-free model system. J Food Sci
74(5):C375-379.
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Type II antioxidants chelated and thus prevented the oxidizing effect of added ferrous
iron. Myoglobin oxidation can proceed rapidly (within 15 min) in the presence of iron
and reducing compounds such as rosemarinic acid or eugenol, which help to maintain
iron redox cycling.

Introduction
Antioxidants can be divided into two categories, Type I and Type II. The role of
each in delaying lipid oxidation has been clearly defined (Choe and Min 2006). Type I
antioxidants, or radical quenchers, interfere with the oxidation cycle at the propagation
step, preventing additional lipid radicals from forming. Type II antioxidants, or metal
chelators, limit the initiation of lipid oxidation by binding metals such as iron and copper,
stabilizing them in an inactive or insoluble form. Several studies have compared the
effectiveness of Type I and Type II antioxidants when used to prevent lipid oxidation in
meats, but results are often conflicting. For example, addition of milk mineral, a Type II
antioxidant derived from whey, to cooked (Jayasingh and Cornforth 2003) and raw
(Vissa and Cornforth 2006) meat systems significantly lowered lipid oxidation, as
compared with controls and samples with added Type I antioxidants (Vitamin E,
butylated hydroxytoluene). In contrast, St. Angelo and others (1990) found Type II
antioxidants (including STPP and phytate) to be less effective than Type I antioxidants
such as rosemary extracts and sodium ascorbate in inhibiting lipid oxidation. Additional
studies have identified antioxidant compounds that are capable of functioning by both
mechanisms, including flavonoids such as quercetin and rutin (Chen and Ahn 2007),
carnosine (Chan and others 1994), and propyl gallate (Paya and others 1992).
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Lipid oxidation in meats stimulates myoglobin (Mb) oxidation (Kanner and
Gorelik 2001; Lynch and Faustman 2000), resulting in a loss of red color due to
decreased oxymyoglobin (MbO2) concentration. Several studies have examined meat
color stability in the presence of Type I antioxidants, such as Vitamin E (provided as a
dietary supplement to beef cattle; Chan and others 1995) and Vitamin C (added directly
to meat; Shivas and others 1984). Meat color is preserved due to the Type I antioxidant’s
ability to limit lipid oxidation. This prevents the formation of compounds such as 4hydroxynonenal, an aldehyde capable of interacting directly with myoglobin, rendering it
susceptible to oxidation and the associated loss of red color (Alderton and others 2003).
However, a recent model system study demonstrated that Mb oxidation is also directly
stimulated by iron, independent of the effect of lipid oxidation, and that this effect could
be minimized by the addition of metal-chelating Type II antioxidants (see Chapter 4).
Little is known, though, about the effectiveness of Type I antioxidants in preventing ironcatalyzed Mb oxidation in the absence of lipid.
The objective of this study was to examine the effectiveness of Type I
antioxidants in preventing iron-catalyzed Mb oxidation in lipid-free systems. First, the
extent to which Type I antioxidants chelate iron at pH 5.6 (the pH of meat) was
examined. Second, Mb oxidation in lipid-free model systems containing Type I and
Type II antioxidants was compared. Due to the current interest in natural compounds,
the Type I antioxidants chosen for this study were the spice-derived compounds
rosmarinic acid (from rosemary) and eugenol (from cloves). Rosemary extracts are
currently used in industry as meat antioxidants, while cloves were recently demonstrated
to be the most effective antioxidant among common spices and herbs (Vasavada and
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others 2006). However, as with conventional Type I antioxidants, little information is
available on the effect of these spice-derived antioxidants on iron-catalyzed Mb oxidation
in the absence of lipid.

Materials and Methods
Materials. Ferrous chloride (FeCl2) was obtained from JT Baker (Phillipsburg,
NJ). STPP, and MES were obtained from Fisher Scientific (Fairlawn, NJ). Lyophilized
horse skeletal myoglobin (95-100% purity), sodium dithionite, ferrozine, rosmarinic acid,
phytic acid, eugenol and bathophenanthroline were obtained from Sigma Scientific (St.
Louis, MO). Sephadex G-25 Fine beads were obtained from Pharmacia Fine Chemicals,
Inc. (Piscataway, NJ).
Iron chelating potential. Iron chelating potential of the antioxidants was
determined using a modification of the method of Pazos and others (2006). Briefly, 0.2
ml of antioxidant solutions (0.05, 0.1, 0.5, and 1mg/ml in 0.04 M MES buffer, pH 5.6)
was mixed with 1.35 ml of MES buffer and 0.05 ml FeCl2 (1 mg/ml in 0.1N HCl). After
mixing, samples were incubated with 0.32 ml of 1.25 mM ferrozine for 10 minutes in the
dark to allow the formation of the characteristic pink ferrozine-ferrous iron chromagen.
Absorbance was measured at 562 nm.
Chelating capacity is a measure of the extent to which a compound can chelate
iron, with a value of 100% indicating that not only has the compound bound all of the
added iron, but that it reached its maximum iron-binding ability, and could not bind any
additional iron. Chelating capacities of < 100% indicate that more iron could be chelated
by the compound. Chelating capacities of >100% indicate that the iron is present at
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levels exceeding the chelating ability of the compound, meaning that not all of the added
iron was bound. Chelating capacity was calculated according to the following equation
(Pazos and others 2006):
% chelating capacity = A0 – (A1 – A2) x 100
A0
where A0 is the absorbance of the reagent blank (buffer only), A1 is the absorbance of
antioxidant blank (buffer plus antioxidant), and A2 is the absorbance of the sample
(buffer, antioxidant, and iron). This provides an indirect measurement of the amount of
iron bound, because any unchelated iron will complex with the added ferrozine producing
a characteristic pink chromagen. Samples containing unchelated iron will have higher
absorbance values (more iron is available to form the ferrozine-iron chromagen). As
more iron is chelated by the compound of interest the absorbance of the sample decreases
(less iron is available to interact with ferrozine). Thus, large values of A2 (very little iron
chelated) will result in larger % chelating capacity, while small values of A2 (more iron
chelated) will result in smaller % chelating capacity values.
The % iron chelated was evaluated by comparing the absorbance of the
antioxidant sample to the absorbance of an iron standard:
% iron chelated = 100 - % iron remaining in solution

% iron remaining in solution =

A2 x 100
Astd

where A2 is the absorbance of the sample (buffer, antioxidant, and iron), and Astd is the
absorbance of the iron standard (0.05 ml FeCl2 in 1.37 ml MES buffer, pH 5.6).
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Reagent and buffer preparation. FeCl2 solution was prepared at a concentration of
0.1 mg/ml in 0.1 N HCl. Because their solution pH was low enough (< 3) to cause
myoglobin denaturation, rosmarinic acid and phytic acid were neutralized with a 1 N
sodium hydroxide solution and allowed to sit overnight to form sodium rosmarinate and
sodium phytate salts. The solutions were dried (90˚C) for several days then powdered
using a mortar and pestle. Final pH of the powders was 5.2 and 6.0, respectively. MES
buffer solution (0.04 M) was prepared as previously described (see Chapter 4). Briefly,
after adjusting to a pH of 5.6, it was extracted three times with a 0.13 mg/ml (5%
ethanol/95% hexane) bathophenanthroline solution to remove residual iron, then heated
to drive off residual solvent. After cooling, the final volume adjusted back to 100 ml
with iron-free water. In model systems such as this that measure iron-binding ability, it is
important to use buffers that do not bind iron in order to minimize competition for iron
between the buffer and the iron-chelating compound of interest. In this study, MES was
used as the model system buffer because it has a low affinity for iron. Also, nitrogenbased buffers such as MES slow the rate of iron autoxidation (and the subsequent
formation of oxidizing species such as hydrogen peroxide) as compared to oxygen-based
buffers (Welch and others 2002).
Generation of oxymyoglobin stock solutions. MbO2 stock solutions were
prepared as previously described (see Chapter 4). Briefly, concentrated solutions (~20
mg/ml in Millipore water) were reduced by adding a concentrated dithionite solution,
then purified by passing through a 4cm Sephadex G25 column with iron-free Tris buffer
(pH 8.0). Deoxymyoglobin was converted to MbO2 by swirling and gently bubbling air
through the solution with a Pasteur pipette. Conversion to MbO2 was confirmed
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spectrophotometrically, based on the presence of the characteristic MbO2 peaks at 545
and 580 nm. The total myoglobin concentration was adjusted to ~0.1 mM with MES
buffer, calculated using a millimolar extinction coefficient of 7.6 at the isobestic point of
525nm (Bowen 1949). The actual concentration of each model system solution was
calculated as one-half of the corresponding stock concentration, because the MbO2 stock
was diluted 1:1 in all cases (Table 16). Fresh MbO2 stock was generated for each
replicate.
Preparation of myoglobin model system samples. Model systems were prepared
in MES buffer using a combination of MbO2, FeCl2, and/or antioxidant (Table 16).
Systems were designed to provide the following concentrations: MbO2, 50 µM; Fe (as
FeCl2), 35 µM (where the ratio of Mb to added iron is equal to reported concentrations of
Mb and Fe in beef muscle; Brown and Mebine 1969; Schricker and Miller 1983);
antioxidant, 2 mg/ml. Systems were prepared in disposable 3.5 ml spectrophotometer
cuvettes by combining all reagents except MbO2, covering with disposable cuvette caps,
and inverting 10 times. Immediately prior to running the initial scan for each model
system, MbO2 was added and mixed by inverting 10 times. Spectral

Table 16. Model system formulations (for %MbO2 remaining).
Components
Model System
Buffer (ml)
MbO2 (ml)
FeCl2 (µl)
Antioxidanta (mg)
1-control
1.25
1.25
2-control + Fe
1.20
1.25
50
3-STPP + Fe
1.20
1.25
50
5
4-Phytate + Fe
1.20
1.25
50
5
5-Rosmarinate + Fe
1.20
1.25
50
0.5
6-Eugenol + Fe
1.20
1.25
50
0.5
a
Antioxidant used is designated in the model system name. STPP = sodium
tripolyphosphate; MbO2 = 0.1 mM oxymyoglobin; FeCl2 = 0.1 mg Fe/ml in 0.1 N HCl.
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scans (400 – 650nm) were obtained immediately using a Shimadzu UV2100U
spectrophotometer (Shimadzu Corporation, Columbia, MD). Scans were repeated for
each system at 15, 30, 45, 60 minutes, and 24 hours. Samples were held at room
temperature (23°C). Five complete replicates were performed.
Calculation of %MbO2 remaining. Values were calculated as previously
described (see Chapter 4). Briefly, a turbidity correction factor was calculated based
upon the absorbance of the sample at 525 nm compared to that of the stock solution.
Relative loss of MbO2 was determined by comparing the ratio of MbO2 to MetMb in each
sample to the initial ratio of the corresponding MbO2 stock:
MbO2 : MetMb Ratio = A545 + A580
A505
% MbO2 remaining = Sample MbO2 : MetMb Ratio X 100
Stock MbO2 : MetMb Ratio
Data analysis. Statistical analysis was performed using SAS version 9.0 (SAS
Institute, Inc., Cary, NC). Chelating ability was evaluated by analysis of variance using
the proc GLM function. Statistical significance was identified at the 95% confidence
level, and post-hoc means comparisons were based upon Fisher’s LSD. %MbO2
remaining was evaluated as a repeated measures design. The proc mixed function was
used with an autoregressive moving average structure. Statistical significance was
identified at the 95% confidence level, and post-hoc means comparisons were made
based on p-values obtained using the Tukey-Kramer adjustment.
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Results and Discussion
Iron chelating potential. The ability to chelate iron varied significantly by
concentration for the Type II antioxidant STPP (P < 0.0001; Table 17). While STPP
demonstrated iron chelating ability at all concentrations, iron chelation was seen for
phytic acid (also a Type II antioxidant) only at the highest concentration tested (1
mg/ml). Neither Type I antioxidant showed clear evidence of iron chelation at the tested
concentrations, and iron was present at a level much higher than could possibly be bound
(Table 17).
For a compound to be a chelator, the molecule must contain two or more atoms
(such as oxygen or nitrogen) capable of interacting with a metal (Miller and others 1990).
Both Type II antioxidants (phytate and polyphosphate) meet this requirement (Fig. 8), as
well as carrying multiple negative charges. This is not the case for the Type I
antioxidants, however. While rosmarinic acid contains multiple oxygen atoms (Fig. 8),
only one carboxylic acid group is present (and therefore only one hydrogen will
dissociate), but eugenol contains no acid groups (and therefore maintains a neutral
charge). Because the ferrozine reagent used in this assay is a strong ferrous iron
chelator, it is possible that these Type I antioxidants interact weakly with iron, but that
any interaction was disrupted upon the addition of ferrozine. Even so, it does not appear
that either rosmarinic acid or eugenol function as Type II metal-chelating antioxidants to
any appreciable extent at the concentrations tested.
STPP is widely used in industry to increase cooked meat yield, though its
antioxidant effects are also appreciated (Lee and others 1998). In recent years, rosemary
extracts have gained popularity as “natural” meat antioxidants, and their use has

Table 17. Iron chelating potential of Type I and Type II antioxidants.
Type II Antioxidants
AO
added
(mg)

Fe
added
(mg)

1

STPP

Type I Antioxidants

Phytate

Rosmarinate

Eugenol

%
chelateda

%
capacityb

%
chelateda

%
capacityb

%
chelateda

%
capacityb

%
chelateda

%
capacityb

0.05

88.3 a

20

9.5 d

180

0.3 f

>200

0.3 h

>200

0.5

0.05

81.1 a

40

0.0 e

>200

0.0 g

>200

0.0 i

>200

0.1

0.05

39.5 b

120

0.0 e

>200

0.0 g

>200

0.0 i

>200

0.05

0.05

21.0 c

160

0.0 e

>200

0.0 g

>200

0.0 i

>200

AO = antioxidant; Fe = iron; STPP = sodium tripolyphosphate
% Chelated values indicate the percent of the added iron that was chelated by the given antioxidant. % Chelated values (within
but not between columns) sharing letters are not significantly different (P > 0.05).
b
% Capacity values indicate that the given antioxidant could bind more iron (values below 100%) or that more iron is present
than can be bound by the antioxidant (values above 100%).
a
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Figure 9. Structures and molecular weights for antioxidant compounds.
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increased. To compare chelating capacity between these two compounds, the molarities
of the tested solutions were first calculated. Due to their close molecular weights,
molarities for STPP and rosmarinate were essentially identical: 2.7 mM (1 mg/ml
concentration), 1.3 mM (0.5 mg/ml concentration), 0.3 mM (0.1 mg/ml concentration),
and 0.1 mM (0.05 mg/ml concentration). From Table 17, it can be concluded that STPP
exhibits a much greater chelating capacity than rosmarinate, regardless of the
concentration or molarity considered. To allow comparisons to STPP to be made,
molarities were also calculated for phytate (1.1 mM, 0.5 mM, 0.1 mM, and 0.05 mM) and
eugenol (6.1 mM, 3.1 mM, 0.6 mM, and 0.3 mM, representing 1 mg/ml, 0.5 mg/ml, 0.1
mg/ml, and 0.05 mg/ml, respectively). In all cases, STPP is seen to have a greater
chelating capacity than any of the other antioxidants examined in this study (Table 17).
Based on the molecular structure (Fig. 9), phytate could be expected to be a more
effective iron binder than the results of this experiment suggest (Table 17). Phytate has
been shown to prevent lipid oxidation in both raw and cooked beef (Lee and others 1998)
and cooked chicken (Empson and others 1991), and to prevent metmyoglobin formation
in raw beef (Lee and others 1998). This has been attributed to the formation of a phytateiron chelate, which rapidly converts ferrous iron to its ferric form, while preventing the
formation of hydroxyl radicals (HO• ; Graf and others 1984), thus inhibiting lipid
oxidation (Graf and others 1987). The ability of phytate-iron chelates to prevent HO•
formation was observed over the range of 1:4 (moles phytate to moles iron) to 20:1 (Graf
and others 1984). In the current study, the two highest concentrations tested fall into this
range, but iron binding was observed only at the highest level (1 mg/ml, or 1:2 molar
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ratio). It is possible that at lower molar ratios of antioxidant to iron, iron chelating ability
is not a reliable predictor of actual antioxidant activity.
Effect on MbO2 oxidation. The type of antioxidant used had a significant effect
on MbO2 oxidation (P < 0.0001; Table 16). Addition of ferrous iron promoted MbO2
oxidation, but this effect was prevented when either Type II antioxidant (STPP or phytic
acid) was present. This agrees with previous studies examining the effect of Type II
antioxidants on iron-catalyzed MbO2 oxidation in the absence of lipid (see Chapter 4).
The addition of Type I antioxidants (rosmarinic acid or eugenol) had no protective effect;
they actually stimulated MbO2 oxidation, even compared to the iron-only system. All
systems lost significant MbO2 within the first 15 minutes (Table 18), but this was most
dramatic for rosmarinic acid and eugenol. The oxidation in these two systems was
almost instantaneous, and 0 minute readings were already significantly lower (P < 0.05)
than any other samples. By 24 hours, all samples had become visibly brown, with MbO2
levels below 39% (data not shown; see Appendix D).
Type I antioxidants function by donating hydrogen ions (H+) or electrons to
radical species, which can be generated by UV light or in the presence of catalytic metals
such as iron or copper. For iron to exhibit this catalytic activity, it must be present in
both its reduced (ferrous) and oxidized (ferric) states (Aust and others 1985). In
biological systems (with lipid present), antioxidants such as ascorbic acid exhibit prooxidant activity at low ascorbate:iron ratios by replenishing ferrous iron pools (Buettner
and Jurkiewicz 1996). At higher ratios, ascorbic acid acts to quench free radicals such as
HO• (generated through Fenton chemistry) and lipid peroxy and alkoxy radicals, thus
acting as an antioxidant.

Table 18. Means for selected time points and pooled means for %MbO2 remaining.
%MbO2 Remaining (selected time points)c

% MbO2 Remaining
(pooled over all time
points)b

0 min

15 min

1-control

64.6 ± 20.1 w

90.4 ± 4.2 a

70.3 ± 7.9 b

63.3 ± 9.0 b,c

2-control + Fe

54.7 ± 18.1 x

86.5 ± 2.0 a

60.6 ± 2.3 c

47.4 ± 3.5 d

3-STPP + Fe

68.7 ± 16.5 w

92.3 ± 5.3 a

72.2 ± 7.7 b

66.3 ± 10.0 b,c

4-Phytate + Fe

61.1 ± 15.9 w

88.8 ± 6.2 a

64.2 ± 2.7 b,c

56.5 ± 6.0 c,d

9.5 ± 9.0 z

28.3 ± 5.7 e

7.9 ± 5.6 f

5.2 ± 4.1 f

37.6 ± 14.8 y

68.3 ± 3.8 b

38.2 ± 4.6 d,e

28.8 ± 3.8 e

Model Systema

5-Rosmarinate + Fe
6-Eugenol + Fe

60 min

STPP = sodium tripolyphosphate; MbO2 = oxymyoglobin
a
For system formulations, see Table 16.
b
Values for pooled means represent mean +/- standard deviation pooled over time (0, 15, 30, 45, 60 minutes and 24 hours).
Values within this single column sharing letters are not significantly different (P > 0.05).
c
Values for selected time points represent mean +/- standard deviation at a given time point (n=5). Values within these three
columns sharing letters are not significantly different (P > 0.05).
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The ability of ascorbic acid to reduce iron is employed in the ferrozine assay.
Because ferrozine will only complex with ferrous iron, ascorbic acid is added to reduce
all ferric iron. It is likely that, in the absence of lipid, the rosmarinic acid and eugenol
used in this study are functioning in a very similar manner. To verify this, ferric chloride
solutions were prepared, allowed to react with ferrozine in the dark for 10 minutes, the
absorbance was measured at 562 nm and compared to a ferrous chloride standard.
Crystals of ascorbic acid, rosmarinic acid powder, or drops of eugenol were then added in
excess to individual ferric chloride solutions, allowed to sit an additional 10 minutes, and
read again at 562 nm. In all cases, the characteristic pink ferrous iron-ferrozine
chromagen was not observed until after the addition of the antioxidant compound.
Though qualitative in nature, this test demonstrates that the Type I antioxidants
used in this study are capable of reducing ferric iron to its ferrous state. Ferrous iron will
autoxidize if not stabilized at a low pH:
2Fe2+ + O2 + 2H+ → 2Fe3+ + H2O2

(1)

Additional ferrous ions then create hydroxyl radicals through the Fenton reaction:
Fe2+ + H2O2 → Fe3+ + OH- + HO•

(2)

Type I antioxidants (AH) would cause these reactions to cycle by regenerating ferrous
iron, but would also quench the hydroxyl radical:
AH + Fe3+ → A• + Fe2+

(3)

AH + HO• → A• + H2O

(4)

Eventually, all antioxidant would be depleted, preventing further cycling. In the system
with only added ferrous iron, MbO2 oxidized at a slower rate than those with Type I
antioxidants. After the initial drop in the first 15 minutes, %MbO2 did not drop
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significantly again until after 60 minutes (Table 18). At this point, MbO2 levels in the
system with only added iron were higher than in either the rosmarinic acid or eugenol
system. MbO2 in the iron-only system dropped to levels comparable to the eugenol
system after 24 hours (29.5% and 27.2%, respectively), though both systems contained
significantly (P < 0.0001, data not shown; see Appendix D) more MbO2 than the
rosmarinic acid system (5.5%). Rosmarinic acid is water soluble, while eugenol is
hydrophobic – this system was noticeably turbid after shaking. The hydrophobicity of
eugenol may lessen contact between ferric iron and the antioxidant, thus slowing its prooxidant activity as compared to rosmarinic acid. This would also decrease its contact
with ferrous iron, limiting its iron chelating capacity. Interestingly, there was no
indication that the Type I antioxidants were capable of directly reducing metmyoglobin to
deoxymyoglobin in the model systems, as evidenced by a lack of the characteristic
deoxymyoglobin peak (Abs 555; Bowen 1949).
Though the exact mechanism of iron-stimulated MbO2 oxidation is not known,
there are several possibilities that may explain the pro-oxidant activity of rosmarinic acid
and eugenol observed in this study. First, it is possible that the reactive species H2O2 and
HO• were generated in greater amounts in the rosmarinic acid and eugenol systems due
to ferrous/ferric iron cycling (eq. 1, 2, 3), promoting MbO2 oxidation. However, it has
been noted that HO• reacts indiscriminately with biomolecules (Graf and others 1984;
Halliwell and Gutteridge 1984). Though oxidation of the globin portion was not
measured, no evidence of extreme oxidation – protein precipitation, bleaching, or loss of
absorbance at 525nm (indicating loss of heme structure) – was observed. In all cases,
samples that exhibited a loss of MbO2 gave absorbance spectra characteristic of
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metmyoglobin. Second, there may have been a rapid depletion of O2 in solution through
iron autoxidation/reduction cycling (eqs. 1, 3). Lower partial pressures of oxygen are
known to promote MbO2 oxidation, while higher levels have a protective effect (George
and Stratmann 1952). Third, oxygen must first be dissociated from MbO2, as
deoxymyoglobin is the form which undergoes oxidation to metmyoglobin (Brown and
Mebine 1969). Ferrous iron is known to promote O2 dissociation from oxymyoglobin
under anaerobic conditions (Castro and others 1978); a similar action may be seen here,
though the extent to which this applies to aerobic systems is not known.

Conclusions
Type II, metal-chelating antioxidants (STPP and phytate) were more effective
inhibitors of MbO2 oxidation than Type I antioxidants (eugenol and rosmarinic acid), in
the absence of lipids. Type I antioxidants were strong reductants of ferric iron, raising
the possibility that redox cycling of iron was induced in these systems, maintaining an
active ferrous iron pool that was capable of promoting myoglobin oxidation through any
of several mechanisms. Though pro-/anti-oxidant thresholds for ascorbic acid have been
reported, no such information exists for the spice-derived antioxidants eugenol and
rosmarinic acid. Further studies are warranted to determine the extent to which these
compounds act as pro-oxidants in lipid containing model-systems, and to establish
minimum antioxidant to iron ratios to prevent pro-oxidant activity, thus providing a basis
for determining appropriate use levels of spices as antioxidants in fresh meats.
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CHAPTER 7
COMPARISON OF TYPE I AND TYPE II ANTIOXIDANTS ON FRESH
BEEF COLOR STABILITY

Abstract
The effects of Type I antioxidants eugenol and rosmarinic acid were compared to
those of Type II antioxidants milk mineral (MM), sodium tripolyphosphpate (STPP), and
phytate in raw ground beef held for 14 days at 4˚C in oxygen-permeable
polyvinylchloride. Meat color stability was measured as % oxymyoglobin, Hunter a*
value, chroma, and hue angle. Significant correlations (p < 0.0001) were observed
between all color measurement methods. By day 14, STPP-treated patties lost more red
color (p < 0.05) as measured by Hunter a* value and hue angle and had higher
thiobarbituric acid values than other treatments. Overall, the Type II antioxidant MM
was as effective as eugenol and rosmarinate at preventing oxymyoglobin oxidation (72,
76, and 71% retained, respectively) and red color loss as measured by Hunter a* value
(9.2, 9.4, and 10.9), hue angle (58.4, 56.2, and 53.5), and chroma (17, 17, and 18).

1. Introduction
Consumers often base their decision to purchase fresh beef on its color, with red
meat being perceived as more fresh (Issanchou, 1996). This perception of color, which
may be influenced by the packaging method, does not seem to influence the consumers’
perception of eating quality (Carpenter, Cornforth, & Whittier, 2000), but studies have
shown the presence of brown colors in raw meats result in reduced sales (Hood, 1980).
Financial losses due to meat discoloration have been estimated to be as high as $792
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million (Liu, Lanari, & Schaefer, 1995). The preservation of red color in raw beef
products is important for the beef industry to minimize this financial impact.
Several methods have been examined to preserve red color in fresh meats. Highoxygen (80% O2) modified atmosphere packaging (MAP) has been shown to delay the
onset of browning (Jakobsen & Bertelsen, 2000; Ho, Huang, & McMillin, 2003), but
increase the development of rancid flavors and odors associated with lipid oxidation
(Jayasingh, Cornforth, Brennand, Carpenter, & Whittier, 2002). Attention has also been
given to the use of low levels (0.4 – 0.5%) of carbon monoxide to preserve red color
without the associated increase in rancidity resulting from high O2 MAP storage
(Cornforth & Hunt, 2008), though this has unfortunately met with some consumer
resistance due to perceived safety concerns.
Multiple antioxidants have been examined to determine their effect on lipid
oxidation in both raw and cooked meats. These can be classified generally into two
groups: Type I radical quenchers and Type II metal chelators. Type I antioxidants, such
as Vitamin E and butylated hydroxytoluene (BHT), interfere with the oxidation cycle at
the propagation step, preventing additional lipid radicals from forming. Type II
antioxidants, such as ethylenediamine tetraacetic acid (EDTA) and sodium
tripolyphosphate (STPP), limit the initiation of lipid oxidation by binding metals such as
iron and copper, stabilizing them in an inactive or insoluble form. Recent studies have
put more focus on natural antioxidant compounds derived from food components,
including herbs such as rosemary and oregano (McCarthy, Kerry, Kerry, Lynch, &
Buckley, 2001; Sanchez-Escalante, Djenane, Torrescano, Beltran, & Roncales, 2003;
Vasavada, Dwivedi, & Cornforth, 2006), spices such as cloves and cinnamon (Tanabe,
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Yoshida, & Tomita, 2002; Vasavada et al., 2006), garlic (Yin & Cheng, 2003), tea
catechins (McCarthy et al., 2001), phytate (Empson, Labuza, & Graf, 1991; Lee,
Hendricks, & Cornforth, 1998a), and milk mineral (MM; Cornforth & West, 2002;
Vasavada & Cornforth, 2005; Vissa & Cornforth, 2006). Rosemary extracts are currently
used in industry as meat antioxidants, while cloves were recently demonstrated to be the
most effective antioxidant among common spices and herbs (Vasavada et al., 2006).
Controlling lipid oxidation is also crucial in limiting brown color development, as
lipid oxidation products have been shown to interact directly with the protein portion of
myoglobin, resulting in increased susceptibility of the heme iron to oxidation (Alderton,
Faustman, Leibler & Hill, 2003). Meat color can be preserved due to Type I antioxidants
ability to limit lipid oxidation, preventing the subsequent formation of reactive aldehydes.
Several studies have examined the effect of Type I antioxidants on color loss in meats
(Chan, Hakkarainen, Faustman, Schaefer, Scheller, & Liu, 1995; Yin & Cheng, 2003;
Vissa & Cornforth, 2006), with varying degrees of success.
The Type II antioxidant sodium tripolyphosphate (STPP) is known to prevent
lipid oxidation (Lee, Hendricks, & Cornforth, 1998b), though it is used in meats
primarily for its water-binding properties. The use of natural Type II antioxidants has not
been studied as extensively as Type I, but two notable exceptions are the natural
phosphates phytate and milk mineral. Phytate, or inositol hexaphosphate, is found in
cereals, legumes, nuts and seeds (Cheryan, 1980) and is capable of forming a chelate with
ferric iron that is catalytically inactive (Graf, Mahoney, Bryant, & Eaton, 1984). MM is a
free-flowing white powder obtained as a by-product of whey processing, comprised
primarily of an insoluble calcium phosphate of unknown structure that forms a complex
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with iron (see Chapter 3). Both compounds have been shown to preserve red color in raw
beef while lowering lipid oxidation (Lee et al., 1998a; Vissa & Cornforth, 2006), though
the results of these studies cannot be directly compared as they were performed in
different packaging atmospheres.
Therefore, the objective of this study was to examine the effectiveness of Type I
(rosmarinic acid and eugenol, the active compounds in rosemary and cloves respectively)
and Type II antioxidants (STPP, phytate, and milk mineral) in preventing myoglobin
(Mb) oxidation, and the subsequent loss of color, in raw ground beef packaged in
standard-atmosphere packaging (PVC overwrap).

2. Materials and Methods

2.1. Materials
STPP was obtained from Fisher Scientific (Fairlawn, NJ). MM was obtained
from Glanbia (Monroe, WI). Rosmarinic acid, phytatic acid, and eugenol were obtained
from Sigma Scientific (St. Louis, MO).

2.2. Preparation of ground beef and treatment of patties
USDA select grade beef chuck shoulder clods (IMPS 114) were purchased in
vacuum packages and used for preparation of ground beef. Chuck was trimmed of
visible fat then prepared by coarsely (0.60 cm plate) then finely (0.32 cm plate) grinding
through a Hobart grinder model 4125 (Hobart Mfg. Co., Troy, OH, U.S.A.). Two 3-ml
spectrophotometer cuvettes were filled completely with the ground beef and used to
obtain reference reflectance spectra (see following section). 1000g portions of ground
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beef were mixed with 5g MM, STPP, or phytate (0.5%) or 0.5g eugenol or rosmarinic
acid (0.05%), and were then re-ground through the fine plate. Four patties were prepared
manually for each treatment by shaping 130g portions using a circular form from a
Hollymatic patty machine (Hollymatic Corp., Park Forest, IL, U.S.A.). Patties were
placed on 15 x 15 cm squares of washable furnace filter wrapped in a single layer of PVC
film (to allow air circulation around the entire patty). Patties and filters were then
wrapped in an additional layer of PVC film and held at 4˚C for 1, 4, 7, or 14 days. After
taking samples for day 0 analysis, the remaining ground beef was packaged in Ziploc
freezer bags and frozen for later determination of fat. All samples tested < 5% fat on wet
weight basis by AOAC method 960.39 (AOAC 2000). Five complete replicates were
performed.

2.3. Oxymyoglobin determination
Conversion of oxymyoglobin (MbO2) to metmyoglobin (Met) was confirmed
spectrophotometrically using a Shimadzu UV2100U spectrophotometer with a
reflectance attachment (Shimadzu Corporation, Columbia, MD). MbO2 content was
determined based on the presence of the characteristic reflectance minima at 545 and 580
nm (Bowen, 1949). For each sample and the freshly ground reference beef, 3-ml
cuvettes were prepared by packing in ground beef tightly to exclude air, then performing
a spectral scan from 450 to 650 nm. Relative loss of MbO2 was determined by
comparing the ratio of MbO2 to MetMb in each sample to the initial ratio of the freshly
ground beef from which it was prepared:
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MbO2 : MetMb Ratio = (1 / R545 + R580)
(1 / R505)
% MbO2 remaining =

Sample MbO2 : MetMb Ratio X 100
Reference MbO2 : MetMb Ratio

Reflectance spectra for all samples were obtained in duplicate.

2.4. Hunter color measurement
L*, a* and b* values were measured using a HunterLab Miniscan portable
colorimeter (Reston, VA), standardized through a single layer of PVC film using a white
and black standard tile. Five color measurements were taken per sample. Hue angle
(true redness) was calculated as [arctangent (b*/a*)]. Chroma (color saturation) was
calculated as √(a*2 + b*2).

2.5. TBA analysis
The thiobarbituric acid reactive substances (TBA) assay was performed as
described by Buege and Aust (1978). Briefly, duplicate 1.0g ground beef cores were
mixed with 3.0 ml of stock solution containing 0.375% thiobarbituric acid, 15%
trichloroacetic acid, and 0.25 N HCl. The mixture was heated for 10 min in a boiling
water bath (100°C) to develop a pink color, cooled in tap water and then centrifuged
(4,300 x g for 10 min). The absorbance of the supernatant was measured
spectrophotometrically at 532 nm. TBA values (mg malondialdehyde / kg of meat) were
calculated using an extinction coefficient of 156000 M-1cm-1
(Sinhuber & Yu, 1958) as follows:
TBA (mg/kg) = A532 x 1 M chromagen x 1 mole/L x 0.0003L x 72.07g MDA x 1000g
156000
M
1.0g meat
mole
kg
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2.6. Microbial load
Total aerobic counts were taken based on AOAC method 990.12 (AOAC 2000).
Briefly, 11 g of sample was stomached in Butterfield’s phosphate diluent, then further
diluted or plated (1ml) on PetrifilmTM aerobic count plates (3M Corporation, St. Paul,
MN) according to manufacturer instructions. Plates were incubated at 32°C for 48 hours
then counted and interpreted as per the manufacturer’s guidelines. All samples were
plated in duplicate.

2.7. Data analysis
Statistical analysis was performed using SAS version 9.0 (SAS Institute, Inc.,
Cary, NC). % MbO2 remaining, TBA, chroma, hue angle, and a* values were evaluated
as a repeated measures design. The proc mixed function was used with an autoregressive
moving average structure. Statistical significance was identified at the 95% confidence
level, and post-hoc means comparisons were made based on p-values obtained using the
Tukey-Kramer adjustment. Pearson correlation coefficients were calculated between
measurements using the proc corr function.

3. Results and Discussion
Antioxidant type had a significant effect on meat color (p < 0.05) for all of the
color measurement techniques used (% MbO2 remaining, Hunter a* value, chroma, and
hue angle).

There was a significant (p < 0.0001), linear correlation between all color

measurements (Table 19). TBA values were also significantly (p < 0.0001) correlated
with color values, though these correlations do not appear to be linear in nature (r ≤ 0.5).
No change was observed in %MbO2, as compared to day 0, until day 14 for the Type I
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Table 19. Correlations for meat system measurements.

% MbO2
remaining

Hue Anglea

Chromab

a* Value

TBARS

-0.65c
p<0.0001

0.65
p<0.0001
-0.61
p<0.0001

0.72
p<0.0001
-0.83
p<0.0001
0.94
p<0.0001

-0.51
p<0.0001
0.51
p<0.0001
-0.35
p<0.0001
-0.44
p<0.0001

Hue Angle
Chroma
a* Value
a

Hue angle (true redness) was calculated as [arctangent (b*/a*)]
Chroma calculated as (color saturation) was calculated as √(a*2 + b*2)
c
Pearson correlation coefficients (r-values). Significant p-values are in italics.
b

antioxidants rosmarinate and eugenol (Table 20). The type II antioxidants STPP and MM
were able to maintain initial MbO2 levels only until day 4. By day 14, the patties treated
with STPP contained significantly (p < 0.05) less MbO2 than those for any other
antioxidant treatment. Only eugenol preserved MbO2 for 14 days more effectively than
the control (Table 20).
Hunter a* values changed, as compared to day 0, by day 4 for phytate,
rosmarinate, eugenol, and the control (Table 21). STPP was unable to maintain its initial
a* value even until day 1. All antioxidant treatments except STPP were significantly
redder (higher a* values) than the control by day 14, though eugenol was more effective
than phytate. There was no difference in a* value between STPP and the control at this
point, confirming the visual observations made that both STPP and control patties were
brown. Phytate, MM, eugenol, and rosemarinate produced significantly lower hue angle
values (meaning they were more red and less yellow) after 14 days than did STPP or the
control (Table 22). Differences as compared to initial hue angle values were observed at
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Table 20. % MbO2 remaining: time to first significant difference as compared to Day 0
and means at Days 0 and 14.
Days to First
%MbO2 Remaining
Meat System
Significant
Day 0b
Day 14b
Differencea
Ground beef only

1

97.1 ± 5.2 a

61.2 ± 12.7 c,d

0.5% STPP

4

95.6 ± 7.0 a

53.0 ± 5.9 d

0.5% Phytate

1

91.3 ± 6.7 a

68.8 ± 11.1 c,d

0.5% MM

4

96.4 ± 5.9 a

71.8 ± 14.3 b,c

0.05% Rosmarinate

14

92.5 ± 5.9 a

71.0 ± 6.6 b,c

0.05% Eugenol

14

93.6 ± 5.1 a

76.3 ± 8.5 b

a

Time point where first significant difference (p < 0.05) occurs as compared to initial
reading for each meat system formulation.
b
Values represent mean +/- standard deviation at a given time point (n=5). Values
sharing letters are not significantly different (p > 0.05).

Table 21. Hunter a* value: time to first significant difference as compared Day 0 and
means at Days 0 and 14.
Days to First
Hunter a* value
Meat System
Significant
Day 0b
Day 14b
Differencea
Ground beef only

4

16.7 ± 2.5 a

4.9 ± 0.6 d

0.5% STPP

1

17.2 ± 2.0 a

4.7 ± 1.9 d

0.5% Phytate

4

14.6 ± 2.7 a

7.8 ± 2.0 c

0.5% MM

7

15.6 ± 1.9 a

9.2 ± 2.6 b,c

0.05% Rosmarinate

4

17.2 ± 2.1 a

9.4 ± 2.6 b,c

0.05% Eugenol

4

17.4 ± 1.9 a

a

10.9 ± 1.9 b

Time point where first significant difference (p < 0.05) occurs as compared to initial
reading for each meat system formulation.
b
Values represent mean +/- standard deviation at a given time point (n=5). Values
sharing letters are not significantly different (p > 0.05).
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day 14 for phytate, MM, and eugenol, though all other treatments did not show
differences until day 7. MM effectively preserved its initial color intensity (chroma) over
the entire 14 day study (Table 23). Both MM and eugenol exhibited more intense colors
(higher chroma values) than STPP or the control by day 14.
All antioxidants except STPP effectively prevented the formation of off odors
(measured as TBARS) compared to the control (Table 24). However, even though
rancidity was not noticeable in eugenol and rosmarinate samples, a definite odor was
present. Eugenol is the active component in cloves, and these patties had a pervasive
clove aroma, noticeable even through the pvc overwrap. In a study of the antioxidant
effectiveness of various spices in cooked ground beef, sensory panelists described
samples containing clove as having a strong aroma “reminiscent of a dentist’s office”

Table 22. Hue Angle: time to first significant difference as compared Day 0 and means
at Days 0 and 14.
Days to First
Hue Angle
Meat System
Significant
Day 0b
Day 14b
Differencea
Ground beef only

7

43.8 ± 1.7 a

68.7 ± 1.9 c

0.5% STPP

7

42.3 ± 1.8 a

68.7 ± 5.0 c

0.5% Phytate

14

44.2 ± 2.5 a

58.2 ± 6.3 b

0.5% MM

14

44.4 ± 1.7 a

58.4 ± 5.6 b

0.05% Rosmarinate

7

43.9 ± 2.4 a

56.2 ± 6.4 b

0.05% Eugenol

14

43.4 ± 2.1 a

53.5 ± 4.2 b

a

Time point where first significant difference (p < 0.05) occurs as compared to initial
reading for each meat system formulation.
b
Values represent mean +/- standard deviation at a given time point (n=5). Values
sharing letters are not significantly different (p > 0.05).
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Table 23. Chroma: time to first significant difference as compared Day 0 and means at
Days 0 and 14.
Days to First
Hue Angle
Meat System
Significant
Day 0b
Day 14b
Differencea
Ground beef only

4

23.2 ± 3.5 a

13.4 ± 1.7 c

0.5% STPP

1

23.3 ± 2.6 a

12.6 ± 2.6 c

0.5% Phytate

4

20.5 ± 3.7 a

14.7 ± 2.0 b,c

0.5% MM

ns

21.8 ± 2.6 a

17.3 ± 2.5 b

0.05% Rosmarinate

4

23.8 ± 2.6 a

16.7 ± 2.3 b,c

0.05% Eugenol

14

24.0 ± 2.4 a

18.2 ± 1.7 b

a

Time point where first significant difference (p < 0.05) occurs as compared to initial
reading for each meat system formulation. ns = no significant difference observed
b
Values represent mean +/- standard deviation at a given time point (n=5). Values
sharing letters are not significantly different (p > 0.05).

Table 24. TBARS: time to first significant difference as compared Day 0 and means at
Days 0 and 14.
Days to First
TBARS
Meat System
Significant
Day 0b
Day 14b
Differencea
Ground beef only

1

0.25 ± 0.07 a

1.12 ± 0.20 b

0.5% STPP

14

0.23 ± 0.09 a

0.80 ± 0.22 b

0.5% Phytate

ns

0.22 ± 0.09 a

0.25 ± 0.06 a

0.5% MM

ns

0.20 ± 0.09 a

0.25 ± 0.07 a

0.05% Rosmarinate

ns

0.23 ± 0.08 a

0.30 ± 0.10 a

0.05% Eugenol

ns

0.19 ± 0.07 a

0.27 ± 0.09 a

a

Time point where first significant difference (p < 0.05) occurs as compared to initial
reading for each meat system formulation. ns = no significant difference observed
b
Values represent mean +/- standard deviation at a given time point (n=5). Values
sharing letters are not significantly different (p > 0.05).
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(Vasavada et al., 2006). Despite the effectiveness of eugenol in preserving raw beef
color, the negative sensory aspects may limit its use. In the current study, MM was as
effective in preserving red meat color (Tables 20 – 23) and preventing lipid oxidation as
eugenol, but did not produce a noticeable odor of its own.
Results of beef color studies often are given in terms of differences in a* values or
hue angle. While these measurements are important in observations related to the
intensity of red color, they do not necessarily reflect the distribution of myoglobin
pigments in beef. Greene, Hsin, and Zipser (1971) found that consumer acceptance of
ground beef was related to % MetMb, not total pigment concentration. In the current
study, though % MbO2 remaining was significantly correlated with Hunter a*, hue angle,
and chroma (and the same general trends were observed), the specific differences
between treatments do not necessarily correspond. Of the treatments examined, only the
Type I antioxidant eugenol was consistently different (p < 0.05) from the control at day
14 (Tables 20 – 23). However, eugenol-treated patties were lighter than those using Type
II antioxidants, based both on L* values (data not shown; p < 0.05; see Appendix E) and
visual observations. Addition of eugenol resulted in a pinker patty as compared to the
deep cherry-red patties containing STPP or phytate or the light red patties containing
MM. Over the course of the experiment, STPP and phytate patties became splotchy with
solid brown interiors, while eugenol (and rosmarinate) maintained the pink color through
the interior. MM color was solid at the surface throughout the 14 days, but patty interiors
began to brown by day 4. Based on day 14 values for all color measurements (Tables 20
– 23), MM and phytate were significantly more effective at preventing color changes than
was STPP.
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Antioxidant type also had a significant effect on microbial growth (p < 0.05). But
despite the effectiveness of phytate and MM for preserving meat color and preventing
oxidative rancidity, only the Type I antioxidants rosmarinic acid and eugenol were able to
maintain microbiological quality of the patties (< 107 cfu/g; Sofos, 1994) through the
entire 14-day period (Fig. 10). Though phytate and MM were not able to prevent the
growth of spoilage microbes, they were able to preserve fresh color as compared to the
control. “Free” iron has been demonstrated to promote Mb oxidation, both directly (see
Chapter 4) and indirectly via lipid oxidation (Kanner, Harel, & Hazan, 1986; Alderton et
al., 2003). One potential source of iron in fresh meats is iron liberated from ironcontaining proteins broken down by the growing bacteria. It is possible that these
compounds are able to prevent browning by chelating the iron released in this manner.
Recent studies have shown that MM and STPP have a protective effect on MbO2
in lipid free model systems (see Chapter 4) and on red color in MAP ground beef (Vissa
& Cornforth, 2006). In the current study, however, STPP was not an effective treatment
for preserving fresh ground beef color in oxygen-permeable PVC overwrap.
Phosphatases present in raw beef break down STPP releasing orthophosphates (Lee et al.,
1998b), which are not effective metal chelators (see Chapter 3). Meat phosphatases did
not significantly degrade phytate (Lee et al., 1998b), and based on the results of the
current study, it is reasonable to predict that they would likewise have a minimal effect
on MM.
There has been concern expressed regarding the bioavailability of iron in the
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Figure 10. Total aerobic plate counts in ground beef patties treated with 0.5% sodium
tripolyphosphate ( ), 0.5% milk mineral ( ), 0.5% phytate ( ), 0.05% eugenol( ), or
0.05% rosmarinic acid ( ) as compared to control patty ( ). Bars represent mean plate
counts (n=5). Bars sharing letters are not significantly different (p > 0.05).

presence of phosphate-based chelators, including phytate (Brune, Rossander-Hulten,
Hallberg, Gleerup, & Sandberg, 1992). Because the majority of iron absorbed from meat
is heme iron (Conrad & Umbreit, 2000), this is not a concern in meats (Carpenter &
Mahoney, 1992). Lee et al. (1998a) found that addition of phytate in a beef model
system prevented the release of iron from the heme structure. Due to insolubility of MM,
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it is likely a similar phenomenon is occurring, though future research is needed to verify
this.

4. Conclusions
The Type II antioxidants MM and phytate preserved the color of fresh ground
beef packaged in oxygen-permeable PVC as effectively as Type I antioxidants eugenol
and rosmarinic acid, though by a very different mechanism. MM and phytate were
equally effective at maintaining the typical red color of beef, though MM had a more
characteristic red color based on visual observations. Despite their effectiveness at
preventing both pigment and lipid oxidation, neither Type II antioxidant was able to
preserve shelf life from a microbial stand-point, suggesting that meat color and odor may
not be adequate spoilage indicators in ground beef treated with iron chelators.
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CHAPTER 8
CONCLUSIONS

Ferrous-state iron has been shown to stimulate Mb oxidation. This effect can be
completely prevented in lipid-free model systems by iron-chelating agents such as MM
and STPP. This effect of Fe2+ was only partially prevented by the addition of catalase,
the enzyme responsible for the dismutation of H2O2, a molecule that promotes Mb
oxidation (either directly or indirectly through the generation of subsequent radicals such
as OH). It is likely that even though Fe2+ participates in the generation of oxygen-based
radicals, this is not its only role in Mb oxidation. In the absence of lipid, Type II, metalchelating antioxidants were very effective in slowing loss of MbO2, while the Type I,
radical-quenching antioxidants rosmarinate and eugenol were seen to promote Mb
oxidation. This suggests that maintaining an active Fe2+ pool is an important factor in
Mb oxidation.
Based on the effects of iron addition on the loss of MbO2 observed in this study,
and the demonstrated importance of Fe2+—O2 chemistry (Qian and Buettner 1999), a
previously unconsidered pathway for Mb oxidation is proposed, in which non-heme Fe2+
plays a critical role. Ferrous iron first acts by accelerating the dissociation of oxygen
from MbO2 (Castro and others 1978). An iron-oxygen complex (denoted here as Fe2+—
O2) then forms, which in turn directly oxidizes dMb to MetMb. Though superoxide is
shown as an end product in this series of reactions, this could vary depending on the
exact nature of the initial iron-oxygen complex:
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MbO2

dMb + O2

dMb + (Fe2+ + O2)

dMb(Fe2+)- - OO - -Fe2+

(as accelerated by Fe2+)

dMb(Fe2+)- - OO - -Fe2+

MetMb + O2 - + Fe2+

(1)

(2)

(3)

The formation of an Fe2+ – OO – Fe2+ bridge has been proposed as an intermediate step in
Fe2+ autoxidation (Feig and Lippard 1994) and was detected in free porphyrin ring
oxidation (Chin and others 1977). It has also been suggested that an iron-oxygen
complex could be stabilized in the presence of certain anions, and destabilized in the
presence of others (Aust and others 1985). This may explain in part the change in
myoglobin oxidation rates observed in systems containing various anions in previous
studies (Wallace and others 1982).
The nature of the iron/oxygen bond in MbO2 has been described as a mixture of
Fe2+—O2 and Fe3+—O2 - states, with the latter form predominating (Jensen and Ryde
2004). However, Mb does not autoxidize; that is, dioxygen is not capable of direct
oxidation of the Fe2+ in dMb, and cannot simply dissociate from MbO2 as O2 (Livingston and Brown 1981; Shikama 1990). In the pathway proposed here, the nonheme iron associated with the dMb(Fe2+)- - OO - -Fe2+ bridge could provide the impetus
needed for electron abstraction and the resulting oxidation of dMb. This proposed
pathway also accounts for this protective effect of high and very low pO2 against Mb
oxidation (George and Stratmann 1952). At higher pO2, more O2 would be available, and
would be more likely to replace dissociated O2. At lower pO2, the low levels of O2
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present would be readily available to form iron-oxygen complexes, with little left to
reassociate with Mb.
Most importantly, this proposed model provides an explanation for the
effectiveness of the Type II iron-binding antioxidants used in previous meat studies
(Govindarajan and Hultin 1977; Lee and others 1998a,b; Vissa and Cornforth 2006).
Oxygen-based chelators such as phosphate stabilize iron in the ferric state, while
nitrogen-based chelators stabilize ferrous iron (Miller and others 1990). In the absence of
an efficient reducing system, any phosphate-chelated iron would remain in the ferric
state, preventing its participation in the above reactions (Eq. 2).
Given the integral role of lipid oxidation by-products in Mb oxidation in muscle
tissue (Alderton and others 2003), it is very likely that an ideal antioxidant system for
meats would combine both Type I and Type II antioxidants. While multiple examples of
both types have been shown to be successful on their own, few studies have attempted to
establish whether a truely synergistic effect exists, and they typically focus on cooked
meat flavor (Spanier and others 1992). Further research is needed to determine proper
ratios to maintain maximum quality, while minimizing the actual percentage of added
components, in fresh meats.
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APPENDIX A
STATISTICS FOR CHAPTER 3

Table A1. ANOVA table for Iron binding capacity.
Sum of
Source
df
Mean Square
Squares
Model
3
1969.9
656.63
Error
36
63.318
1.7588
Corrected Total
39
2033.2
Individual components:
Packing material
3
1969.9

656.63

F Value

p-value

373.3

<0.0001

373.3

<0.0001

Table A2. ANOVA table for Packing material solubility (%).
Sum of
Source
df
Mean Square
F Value
Squares
Model
3
3782.4
1260.8
18.55
Error
36
2447.2
67.977
Corrected Total
39
6229.6
Individual components:
Packing material
3
3782.4

1260.8

Table A3. ANOVA table for Soluble phosphorus (%).
Sum of
Source
df
Mean Square
Squares
Model
3
40076
13359
Error
36
6503.8
180.6
Corrected Total
39
46580
Individual components:
Packing material
3
40076

13359

p-value
<0.0001

18.55

<0.0001

F Value

p-value

73.94

<0.0001

73.94

<0.0001
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Table B1. Covariance estimates for %MbO2 remaining in systems at pH 5.6.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0.7984
0.7633
123.80

Table B2. Fit statisticsa for %MbO2 remaining in systems at pH 5.6.
Fit Statistic

Value

-2 Res Log Likelihood
2416.3
AIC
2422.3
AICC
2422.4
BIC
2421.2
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion

Table B3. Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in systems at pH
5.6.
Sum of
Effect
df
Mean Square
F Value
p-value
Squares
System
11
58426
5311.4
10.01
<0.0001
Time
6
78578
13096
274.8
<0.0001
System*Time
66
5912.7
89.586
1.63
0.0038
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Table B4. Covariance estimates for %MbO2 remaining in systems at pH 7.2.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0.1144
0.4357
77.500

Table B5. Fit statisticsa for %MbO2 remaining in systems at pH 7.2.
Fit Statistic

Value

-2 Res Log Likelihood
2468.6
AIC
2474.6
AICC
2474.7
BIC
2473.5
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion

Table B6. Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in systems at pH
7.2.
Sum of
Effect
df
Mean Square
F Value
p-value
Squares
System
11
45218
4110.7
28.16
<0.0001
Time
6
90249
15041
219.0
<0.0001
System*Time
66
14037
212.67
3.10
0.0038
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Table C1. Covariance estimates for %MbO2 remaining in catalase systems.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0.7180
0.4088
10.8875

Table C2. Fit statisticsa for %MbO2 remaining in catalase systems.
Fit Statistic

Value

-2 Res Log Likelihood
759.5
AIC
765.5
AICC
765.6
BIC
764.3
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion

Table C3. Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in catalase
systems.
Sum of
Effect
df
Mean Square
F Value
p-value
Squares
System
6
4391.5
731.9
40.82
<0.0001
Time
4
3489.4
872.4
121.9
<0.0001
System*Time
24
167.16
6.965
1.01
0.4593
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Table C4. Covariance estimates for %MbO2 remaining in modified atmosphere systems.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0.5713
0.4871
47.252

Table C5. Fit statisticsa for %MbO2 remaining in modified atmosphere.
Fit Statistic

Value

-2 Res Log Likelihood
1638.4
AIC
1644.4
AICC
1644.5
BIC
1643.2
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion

Table C6. Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in modified
atmosphere systems.
Sum of
Effect
df
Mean Square
F Value
p-value
Squares
System
11
66534
6048.6
45.55
<0.0001
Time
4
41048
10262
387.6
<0.0001
System*Time
44
11118
252.68
9.30
<0.0001
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Table D1. ANOVA table for Iron binding capacity (%) for STPP.
Sum of
Source
df
Mean Square
F Value
Squares
Model
3
9486.3
3162.1
139.07
Error
8
181.90
22.738
Corrected Total
11
9668.2
Individual components:
Concentration
3
9486.3

3162.1

139.07

Table D2. ANOVA table for Iron binding capacity (%) for Phytate.
Sum of
Source
df
Mean Square
F Value
Squares
Model
3
288.86
96.286
6.02
Error
8
128.01
16.001
Corrected Total
11
416.86
Individual components:
Concentration
3
288.86

96.286

6.02

Table D3. ANOVA table for Iron binding capacity (%) for Rosmarinic acid.
Sum of
Source
df
Mean Square
F Value
Squares
Model
3
6.510
2.170
0.29
Error
8
60.86
7.608
Corrected Total
11
67.37
Individual components:
Concentration
3
6.510

2.170

0.29

p-value
<0.0001

<0.0001

p-value
0.0190

0.0190

p-value
0.8349

0.8349
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Table D4. ANOVA table for Iron binding capacity (%) for Eugenol.
Sum of
Source
df
Mean Square
F Value
Squares
Model
3
111.4
37.14
1.50
Error
8
198.2
24.78
Corrected Total
11
309.7
Individual components:
Concentration
3
111.4

37.14

1.50

p-value
0.2872

0.2872

Table D5. Covariance estimates for %MbO2 remaining in Type I and Type II antioxidant
systems.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0.5329
0.6526
36.781

Table D6. Fit statisticsa for %MbO2 remaining in Type I and Type II antioxidant
systems.
Fit Statistic

Value

-2 Res Log Likelihood
908.7
AIC
914.7
AICC
914.8
BIC
913.5
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion

Table D7. Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in Type I and
Type II antioxidant systems.
Sum of
Effect
df
Mean Square
F Value
p-value
Squares
System
5
73430
14686
125.33
<0.0001
Time
6
36031
6005.2
444.27
<0.0001
System*Time
30
6188.2
206.27
8.64
<0.0001
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Table E1. Covariance estimates for %MbO2 remaining in ground beef.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0
0.7545
0.0045

Table E2. Fit statisticsa for %MbO2 remaining in ground beef.
Fit Statistic

Value

-2 Res Log Likelihood
732.9
AIC
726.9
AICC
726.9
BIC
728.1
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion

Table E3. Type 3 tests of fixed effects (ANOVA) for %MbO2 remaining in ground beef.
Sum of
Effect
df
Mean Square
F Value
p-value
Squares
System
5
2207.5
441.5
6.17
0.0013
Time
4
21657
5414
68.72
<0.0001
System*Time
20
2985.4
149.3
1.89
0.0252
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Table E4. Covariance estimates for Hunter a* value in ground beef.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0.7889
0.4897
3.2797

Table E5. Fit statisticsa for Hunter a* value in ground beef.
Fit Statistic

Value

-2 Res Log Likelihood
2627.0
AIC
2633.0
AICC
2633.1
BIC
2631.8
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion

Table E6. Type 3 tests of fixed effects (ANOVA) for Hunter a* value in ground beef.
Sum of
Effect
df
Mean Square
F Value
p-value
Squares
System
5
639.9
128.0
12.21
<0.0001
Time
4
5837
1459
267.8
<0.0001
System*Time
20
518.1
25.91
4.47
<0.0001

Table E7. Covariance estimates for chroma in ground beef.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0.8229
0.5134
5.9305
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a

Table E8. Fit statistics for chroma in ground beef.
Fit Statistic

Value

-2 Res Log Likelihood
3003.8
AIC
3009.8
AICC
3009.8
BIC
3008.6
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion

Table E9. Type 3 tests of fixed effects (ANOVA) for chroma in ground beef.
Sum of
Effect
df
Mean Square
F Value
Squares
System
5
908.7
181.7
8.29
Time
4
4139
1035
101.5
System*Time
20
419.8
20.99
2.27

p-value
0.0002
<0.0001
0.0057

Table E10. Covariance estimates for hue angle in ground beef.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0.7646
0.5132
9.2257

Table E11. Fit statisticsa for hue angle in ground beef.
Fit Statistic

Value

-2 Res Log Likelihood
3324.8
AIC
3330.8
AICC
3330.8
BIC
3329.6
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion
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Table E12. Type 3 tests of fixed effects (ANOVA) for hue angle in ground beef.
Sum of
Effect
df
Mean Square
F Value
p-value
Squares
System
5
1244.7
248.9
10.04
<0.0001
Time
4
24888
6222
443.3
<0.0001
System*Time
20
3601.9
180.1
10.85
<0.0001

Table E13. Covariance estimates for TBARS in ground beef.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0
0.8577
0.0198

Table E14. Fit statisticsa for TBARS in ground beef.
Fit Statistic

Value

-2 Res Log Likelihood
422.1
AIC
416.1
AICC
416.0
BIC
417.3
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion

Table E15. Type 3 tests of fixed effects (ANOVA) for TBARS in ground beef.
Sum of
Effect
df
Mean Square
F Value
Squares
System
5
6.588
1.318
38.97
Time
4
2.987
0.747
20.30
System*Time
20
4.023
0.201
5.47

p-value
<0.0001
<0.0001
<0.0001
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Table E16. Covariance estimates for total aerobic plate count in ground beef.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0.4697
0.7313
0.4576

Table E17. Fit statisticsa for total aerobic plate count in ground beef.
Fit Statistic

Value

-2 Res Log Likelihood
308.8
AIC
314.8
AICC
314.9
BIC
313.6
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion

Table E18. Type 3 tests of fixed effects (ANOVA) for total aerobic plate count in ground
beef.
Sum of
Effect
df
Mean Square
F Value
p-value
Squares
System
5
8.917
1.783
6.07
0.0014
Time
4
85.68
21.42
1012
<0.0001
System*Time
20
1.027
0.051
0.71
0.8067

Table E19. Covariance estimates for Hunter L* value in ground beef.
Covariance Parameter

Subject

Estimate

Rho
Gamma
Residual

replicate
replicate

0.9955
0.1220
9.8949
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a

Table E20. Fit statistics for Hunter L* value in ground beef.
Fit Statistic

Value

-2 Res Log Likelihood
3566.4
AIC
3572.4
AICC
3572.4
BIC
3571.2
a
Autoregressive moving average structure (1,1). AIC = Akaike information criterion;
AICC = Finite-population corrected AIC; BIC = Schwarz’s Bayesian information
criterion

Table E21. Type 3 tests of fixed effects (ANOVA) for Hunter L* value in ground beef.
Sum of
Effect
df
Mean Square
F Value
p-value
Squares
System
5
4838
967.6
85.24
<0.0001
Time
4
241.2
60.30
5.16
0.0081
System*Time
20
253.4
12.67
1.44
0.1302

Table E22. Hunter L* value: time to first significant difference as compared Day 0 and
means at Days 0 and 14.
Days to First
Hunter L* value
Meat System
Significant
(Overall Means)b
Differencea
Ground beef only

ns

40.9 ± 3.6 a

0.5% STPP

ns

36.1 ± 3.2 c

0.5% Phytate

ns

35.5 ± 3.2 c

0.5% MM

ns

39.4 ± 3.6 b

0.05% Rosmarinate

ns

42.3 ± 2.7 a

0.05% Eugenol

ns

41.3 ± 2.5 a

a

Time point where first significant difference (p < 0.05) occurs as compared to initial
reading for each meat system formulation. ns = no significant difference observed
b
Values represent mean +/- standard deviation pooled over time (0, 1, 4, 7, 14 days).
Values sharing letters are not significantly different (p > 0.05).
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